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SECTION 1 

TECHNICAL REPORT SUMMARY 

1.1  GENERAL 

The objective of this research program was to define the preliminary 

Js cSe of d^28t!
y8re!a* ^1  0n ar8tlC hol*8r«Phy principles. which 

*-!?!!* 5 ?f detecting ana imaging underground anomalies associated with 
tZlj    , i^ teät  8ite- SyStem re<luirements based on the geology of 
In J^M    M^6  8PeC:lfled and a ProP08ed field test was designed, 
nlque ierenmade     ^   ^^ a holo8raphlc weak 8l8nal enhancement tech- 

The potential benefits to be gained from the development of an under- 
ground viewing system are many. For the first time, a method would be 
available to 'look" Into the ground and "see" targets, thereby defining 
such anomalies as tunnels, mines, bunkers, and other voids or water-filled 
cavities. It would be a valuable tool for surveying the earth ahead of. 
or prior to, excavations to determine potential hazards, for defining cer- 
tain fractures, or crushed zones in the earth such as those which exist 
after a nuclear underground explosion, and for locating underground bunk- 
ers and supply stores. 

below. 
Specific tasks to be accomplished during this program are given 

1. Select a suitable field test site at which a future 
field test experiment could be performed. 

2. Perform a theoretical analysis to determine system require- 
ments based on the geology of the selected test site. 

3. Design a preliminary underground viewing system based 
on the system requirements determined from 2 above. 

4. Perform an evaluation of presently available seismic 
energy sources and detectors to determine if their 
characteristics are consistent with system require- 
ments,  Recommend modifications of present systems, 
or new designs, if available equipment character- 
istics are not adequate. 

5. Investigate holographic reconstruction techniques 
appropriate for the display of seismic holograms, 
with emphasis on the development of image enhance- 
ment techniques. 

The results of these tasks are summarizer   -he following sub- 
sections. Detailed discussions are presented .     -quent sections of 
this report. 
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1.2 SELECTION OF FIELD TEST SITE 

The selection cf a specific field test site is a deviation of the 
original program plan. Initially, Uendix scientists and the Contracting 
Agent's Project Engineer were to Jointly identify the types of targets 
(tunnels, miners, bunkers, etc.) of greatest interest to the government. 
The types of hard rock in which the targets might exist along with typi- 
cal target depths were also to be specified. At the first meeting be- 
tween Bendix personnel and the Contracting Agent's Project Engineer, 
Mr. Gerald L. Fltzpatrick, on 18 June 1971, it becat-a apparent that a 
more practical approach would be to identify the specific field test site 
at which known and well-defined targets exist and where the geologic con- 
ditions of the area were known and documented. 

With this modification of the program plan, a search for a potential 
site was begun. Some of the criteria used for site selection included 
the degree of surface weathering, the type of earth material at the site 
("hard" or crystalline rock was the principal geologic medium of Interest 
as specified in the contract), targets (tunnels, caves, bunkers, etc.) 
associated with the site, surface topography, and access to the area. 
Potential sites that were evaluated included: 

• Climax Stock, U.S.A.E.G. Nevada Test Range, Nye County, Nevada 

• Batholith of Southern California 

• Pikes Peak area, Colorado 

• Guadalupe Mountains area. New Mexico and Texas 

• Vlctorlo Peak area, Texas 

• Big Bend area, Texas and Mexico 

• Winnfield Salt Dome, Wlnn Parish, Louisiana 

A description of these sites was given in the Semiannual Technical Report, 
and is also Included in Section 2 of this report for completeness. 

The sice selected was the "Piledriver" site in the Climax Stock on 
the U.S.A.E.G. test range in Nevada. Tentative selection was made in a 
meeting on September 13, 1971, with Bendix scientists and consultants and 
the Contracting Agent's Project Engineer. The site was then visited and 
inspected on September 14, 1971. During this visit, A.E.G. personnel in- 
dicated that there would be no problem in arranging to use the site for a 
future experiment. They also indicated they are very interested in this 
project, since it may provide a means to resolve fracture zones caused by 
nuclear explosions. 

1.3 ANALYSIS OF FIELD TEST SITE TO DETERMINE SYSTEM REQUIREMENTS 

The geology of the "Piledriver" site is well documented.  The rock 
material consists of two petrological types, granodiorite and quartz mon- 
zonite. The two materials are similar in both physical and acoustic pro- 
perties. Velocity logs made at drill holes in the area also documented 
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this geology. Targets associated with the site Include a vertical shaft 
extending down to two tunnel complexes, one at a depth of 780 feet, the 
other at 1400 feet, and chimneys (fracture zones) caused by the nuclear 
explosions. A plan view of the test site Is shown In Figure 3-1. 

A model of the test site area was derived based on known geological 
Information and the results of a refraction survey made In that area in 
1961. The model Includes three layers above a half-space. Both tunnels 
ai:d chimneys formed by the nuclear explosion are located in the half-space. 
The characteristics of these layers are summarized below. 

• Near-surface or sub-weathering layer. Highly weathered 
granodiorite, compressional wave velocity 2150 ft/sec, 
approximate depth zero to 20 feet. 

• Weathered layer. Weathered granodiorite, compressional wave 
velocity 3600 ft/sec, approximate depth 20 to 100 feet. 

• Alteration zone. Altered or fractured granodiorite, 
compressional wave velocity 12,000 to 13,000 ft/sec, 
approximate depth 100 to 300 feet. 

• Half-space. Unaltered granodiorite, compressional wave 
velocity 17,000 to 23,000 ft/sec. Note: In some cases, 
this half-space apparently starts fairly close to the 
surface. 

Based on this model of the test site, computer programs were written 
to calculate ray paths in the medium, to determine the maximum operating 
frequencies that can be used, and to determine the reflection from and mode 
conversions at the various interfaces. The results from these calculations 
were then used in the design of the seismic holographic experiment. 

1.4  PRELIMINARY DESIGN OF UNDERGROUND VIEWING SYSTEM - 
SEISMIC HOLOGRAPHY EXPERIMENT 

The results of the analysis of the field test site were used to 
specify the equipment required for a seismic holographic experiment and 
to defir.s the types of seismic energy excitation, excitation frequencies, 
location of the energy sources, and location of and spacing of detectors 
(geophones) in the holographic array. Several constraints were adhered 
to in this design, most of which were in the interest of economy. These 
constraints Included 

• The use of commercially available equipment (seismic 
energy sources, geophones, amplifiers, and recorders), 
if at all possible. 

• The use of a reasonably sized holographic aperture in 
the vicinity of the surface over the tunnels where the 
topography of the area is not extreme. 
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The array geophones should be located at the surface 
instead of being buried in drill holes below tho 
weathered layer (approximately 100 feet deep). 

Vibrator types of energy sources should be operated 
at the surface rather than below the weathered layer. 

Calculations based on the model described in Section 1.3 were made 
to predict the signal amplitude at the holographic aperture due to re- 
flections from the target tunnels when ensonified by a monofrequency 
hydraulic vibrator seismic source at the surface. These calculations 
were done for excitation frequencies of 100, 200, and 500 Hz.  Calcula- 
tions were also made to predict tne amplitude of interfering reflecting 
and refracting waves, and an estimate of the Rayleigh wave signal was 
made.  The amplitude of these interfering waves, compared to the desired 
signal, determines the dynamic range aquirements of the recording equip- 
ment.  For an excitation frequency of 200 Hz and below, the dynamic range 
requirements were found to be consistent with the available digital re- 
corders. Frequencies above 200 Hz may also be used, especially to detect 
and image the shallow (780 feet) tuanel, but a decision on this should be 
postponed until preliminary experiments at the test site are made. 

The spatial frequency due to signal reflections from the two tunnels 
were calculated. With 200 Hz excitation, reflections from the deep tunnel 
result in a spatial frequency giving slightly more than four fringes across 
a 1500-foat square aperture.  (See Figure 4-1 for oooition of aperture with 
respect to target locations.) This will result in a rather poor resolution 
of the reconstructed image, but the fact that the tunnel is long should 
make the image recognizable. At 200 Hz, a spatial frequency giving approxi- 
mately seven fringes will result from reflections from the shallow tunnel 
(760 feet). Here the resolution should improve and a reasonable reconstruc- 
ted image is expected. The use of 300 Hz will give approximately 10 fringes 
due to reflections from the shallow tunnel, and resolution will be further 
increased. It appears that 300 Hz is the maximum frequency that can be used 
with vibratory-type energy sources, ever for the shallow tunnel. 

The ability to predict the amount of energy reflected from and scat- 
tered by the chimney (crushed zone) above the nuclear explosion is somewhat 
more difficult. Although the reck in the chimney area was crushed during 
the explosion, and is expected to be less consolidated, the velocity con- 
trast, and hence the effective reflection coefficients, between it and the 
host rock is not known. Therefore, rather than an analytical prediction of 
signal strengths at the surface due to reflection and scattering from the 
chimney, an experimental determination during the proposed holographic 
field experiment is recommended.  Since this target, being primarily a 
crushed zone of rock, is likely to be more of a scatterer than a reflector, 
and since it extends to within 500 feet of the surface, ensonification with 
higher frequencies than that used for detecting the tunnels might be feas- 
ible.  Ensonification with an explosive source, and using the highest use- 
ful quasi-monofrequency component of this radiation, is suggested. 
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Although it appea.rs tha'- reasonable resolutiop of the shallow target 
can be obtained when the target is irradiated with a vibratory source, the 
use of explosives as a source of seismic energy was also considered. A 
relatively amall charge of explosives (a few pounds) will induce many times 
the seismic energy into the earth than can be obtained with vibrator sources. 
Although this type of source is an impulsive source. :hat is, it radiates 
over a broad frequency spectrum, the energy contained in a very narrow 
(quasi-monofrequency) band can be greater than that obtained from a mono- 
frequency vibrator. Proper design of the cavity into which the explosive 
is detonated can also enhance a particular frequency band. In this man- 
ner, the intensity of energy in the high frequency end of the spectrum can 
be optimized. For this reason, the use of explosives, as well as the use 
of a vibrator energy source, is recomnended in acquisition of the seismic 
hologram. Rather than being detonated at the surface, however, the ex- 
plosives would be set off in a drill hole below the weathered layer (100 
feet deep). Detonating at this depth has the advantage that reflected sig- 
nals from the weathered - altered layer interface are virtually eliminated. 
The use of explosives as an energy source does require filtering of the 
received signal to obtain a quasi-monofrequency signal, but this can be 
accomplished during the data processing in a digital computer. 

To summarize, it is recommended that a vibratory seismic source be 
used at the surface to generate oonofrequency continuous and pulsed signals 
of 200 H? or greater for enaonification of various targets at the site, 
and that impulsive sources (explosives) also be used for target ensonlfica- 
tion. Further, it is recommended that frenuency modulated (chirp) excita- 
tion be used to compare the merits of these types of excitation as related 

to seismic holography. 

1.5  EVALUATION OF ÖEISMIC ENERGY SOURCES AND DETECTORS 

1.5.1  Seismic Energy Sources 

Hydraulically driven vibratory sources have been used in the 
seismic exploration field for several years. Since they are primarily used 
for the petroleum industry and the need is to define the earth's layering 
structure at great depths, these sources are generally designed to operate 

at frequencies frca about 5 to less than 100 Hz. 

Two approaches can be taken to obtaining higher frequency 
sources capable of generating a monofrequency signal: a new type of source 
might be designed, or presently available vibrators might be modified for 
higher frequency operation. Since the first approach would be expected to 
be more costly, an effort was made to see if the second approach was 

feasible. 

T«. was determined that presently available vibratois could be 
modified o operate as high as 500 Hz. The modifications required for a 
Wabco Vibrator Model 600 B-D, presently used by United Geophysical Corpora- 
tion, a subsidiary of the Bcndix Corporation, include 
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Installation of a manifold and high fraquency 
servovalve in lieu of existing valve 

Increase in the ran area to 9 square inches 

Installation o^ an electronic amplifier to drive 
the new servovalve 

• Implementing a second feedback loop based on 
slave valve position 

• Modification of ground contact pad to enhance 
coupling of higher frequencies into the ground 

• Reinforcement of vibrator structure 

Wich these modifications, the displacement of the reaction- 
ary mass (maximum displacement coupled to ground) will be 5 x KT5 Inches 
at 500 Hz, 2.5 x 10-3 inches at 200 Hz, and lO'2  inches at 100 Hz. 

i•5.2  Seismic Detectors - Geophones 

Commercially available geophones used in the seismic explora- 
tion field were found to be adequate for the holographic system require- 
ments. The minimum useful output of geophones is related to the noise 
level of seismic amplifiers (typical amplifier noise is 0.1 pV); hence 
geophones capable of detecting ground displacements resulting in an 
0.1 pV output are sufficient. 

One such geophone is the  Geo-Space Type GSC-110 detector. 
Its output of 0.6 V/in./sec. is constant over the frequency range from 
100 to 500 Hz. This geophone will give an output of 0.1 uV at 200 Hz with 
a ground displacement 1.35 x 10-10  inch. Ground displacements greater than 
this are expected due to reflections from the deep tunnel at the selected 
test site. 

1.6  HOLOGRAPHIC WEAK SIGNAL ENHANCEMENT STUDIES 

The development of a holographic weak signal enhancement technique 
was initiated at Bendix Research Laboratories prior to the award of this 
contract. Further studies of this technique as it pertains to seismic 
holography were made during this program. This technique, which lends it- 
self to computer simulation, has shown promise in defining images of tar- 
gets that have signal strengths too weak to be seen by conventional holo- 
graphic imaging (reconstruction) techniques, as is often the case when a 
scattering target is located above or below a strong signal-reflecting 
layer. 

Two computer models describing a two-layer representation of the 
earth were investigated. The first model contained a weak scattering 
target below the reflecting interface of the two layers; the second model 
had the weak target located above the reflecting layer.  In the computer 



simulations, all mode conversions (for example, P-waves to S-waves) are 
allowed at both the reflecting and scattering surfaces. 

Results using the first model (wfak target below the reflecting 
surface) show that good image resolution can be obtained using the en- 
hancement technique even when the ratio of strong to weak signals is 
1000 to 1. Using conventional reconstruction techniques, the weak tar- 
get cannot be resolved. Examples of these results are included in 

Section 6. 

Results with the second model (weak target in the rone above the 
reflecting layer) indicate that unattenuated shear waves scattered from 
the target tend to interfere with the compressional waves, thereby reduc- 
ing the resolution of the reconstructed image. If the shear waves are 
allowed to attenuate more rapidly than the compressionax waves (by a 
factor of two or greater), image resolution is improved. Again, examples 
of these results are given in Section 6. 

When the results from the two computer simulation models are com- 
pared, the image enhancement technique appcirs .o give better results 
when the weak target is located below a reflecting plane. For th- nro- 
posed holographic field test, the targets are located below the rtmeet- 
ing layer. This will probably be the case in most field problems. 
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SECTION 2 

SELECTION OF FIELD TEST SITE 

Th« original contract program plan specified that Bendix scientists 
and the Contracting Agent jointly identify the types of targets (for 
example, tunnels, mines, bunkers) of greatest interest to the government 
which could be detected and imaged using seismic holography. The type 
of earth in which these targets might be located was specified as "hard" 
or crystalline rock. At the first meeting with the Contracting Agent's 
Project Engineer on 18 June 1971, it became apparent that a far better 
approach would be to identify a specific field test site at which known 
and well defined targets existed and where the geologic conditions of 
the area were known and well documented. With this modi flection of the 
program plan, a search for a potential site was begin. 

2.1  CRITERIA USED FOR SITE SELECTION 

Before the search for a specific field test site was Initiated, 
certain criteria were established to be used as guidelines for initial 
site evaluation. These guidelines are listed below. 

• The area should have little or no soil overburden or 
weathering. This restraint will permit a higher operating 
frequency to be used for a field test without the need of 
planting seismic detectors and sources below the surface. 

• The earth material at the site should be of a suitable 
rock type (i.e., igneous rock or crystalline limestone) 
to conform with the contrast requirement that the principal 
geologic medium of interest is hard or crystalline rock. 

• The geology in u.e area of the site should be known and 
reasonably well documented. 

• A suitable subsurface target must be present at the site. 

• The area should preferably have a reasonably flat tooography 
so that excessive phase compensations to correct for surface 
elevation differences are not required in an initial field 
experiment. 

• Access to the site should be reasonable and there should be 
no restrictions to the use of explosives as a seismic enei^y 
source 

2.2  POTENTIAL SITES EVALUATED 

Two Bendix consultants, Harry C. Kent, Head of the Department of 
Geology at the Colorado School of Mines in Golden, Colorado, and 
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^ia
t^onB•TDObrin, SfoPhy31™ Professor of the University of Houston 

Äon^ - - identJication T* 

by accÜuJaMn^nHValUf 1?n 0f P?tentlal 8ite8 «« primarily accompUshed 
Sw^TfiSSSr^^^10? Publl8hed 8eolo8^ data.    When possible, 
persons familiar with each site were contacted for additional information. 

»PHedSva^S8? Vtt fi?flly 8elected f™° the candidate sites was the riledriver    site in the Climax Stock on the U.S.A.E.C.  test ranee In 
nerirT* f™**'*  ^ selection was ^.de in a joint meeing^thSendix 
on       S^pte^er0«" ^S^l^^ Contra^in« ^^'s Project^ee^^ «Lo« :,ePCen*er 1971-    ^e site was visited and inspected by Bendlx 
personnel and consultants the following day. 14 SepLmber 1971 

was includ^d'in'thT^r ^ ?l T**"*1 8lteS that were considered 
but are äJso ScSSJ S^T1 Technical RePort.  Bendlx Report No. 6050. out are also Included here for completeness. 

:,2•1      Climax Stock.  U.S.A.E.C.  Nevada Test Rang*. 
Nye County. Nevada ~~  

the nnrM, o« .^ CllmfX St0ck l8 an in^^ive igneous body located in 
NevaSa      ihls  is  ir^l0n 0f.the ^ Sprin8 Quad^8le. Nye County! 
irwdia^ely'north^f ZTaTlT ^^ ^ ^ ^^ ^ SiL *** 

ni«m^ 7h? araa 0f exP08ure of the stock is approximately A sauare 
tttTJSl ^ uhe ru0Ck type8 are 8"nodiorlte and qSartz monzonlte!    ?he 
two rock types have been differentiated in field mapping, but there is 

Dhva
0i0car

88Hiblllty .that the tWO rOCk9 Wl11 have essentiflirsimUar physical and acoustic properties. »XUHJ.« 

»      t.i4       .       T^e 8ene,ral geologv of  the Nevada Test Site is  treated In 
of'tJe r^'f0 HEC^J' "c al"      The en8in-ring and fracure properties of the rock of the Climax Stock has been studied by Ege.2 opercies 

..    .4     ,    ^  . According to Ege, and on the map by Houser and Poole  3 a 
vertical shaft of 385 feet. 450 feet of drifts, and a tt-Joot-diameter 
unsupported hemispherical chamber were to be excavated in the roTlf 
the Climax stock.    The vertical entry shaft was sunk in the proxlmitv of 
the contact between the granodiorite and the quartz m^nzonUeaid the 
horizontal drift extended in the quartz monzonlte toward tJe contact 
ho^" ^ 1°^ 8h0W the Vertlcal 8haft a8 labeled Station IsSS and the 
horizontal drift on their cross section F-F«.    A numbe. of drill hoJes 

Ly HZ ^(SoreXlir' a "T 'iXten8lVe 8ysteu' of underground openings may exist.     (More details are given in Section  3). "*"SH 

M,0 o. rf Therf iS aPProxlmetely 1000 feet of topographic relief at 
the surface over the Climax stock.     Slopes  are steeoer in rh» lltlt 
portion and more gentle to the south and' sou,theLtrPeLc1Lsth:onthreth:rr:a 
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should be good because of the numerous roads and trails put In by the 
Atomic Energy Commission. 

2.2.2  Bathollth of Southern California 

Portions of Orange, Riverside, and San Diego Counties, 
California, are underlaid by a complex of Igneous rocks, mostly of 
Cretaceous age, which are known collectively as the Southern California 
bathollth. The northwestern portion of the bathollth has been described 
by Larsen,u and other areas have been reported upon by a number of different 
authors. Two areas within the bathollth seem to be of prime Interest: 
the Cajalco area and the Cuyamaca Peak area. 

Cajalco Area 

This potential site is located in Sections 1 and 2, T. 
4 S., R. 6 W., Riverside County, California. In addition to the publica- 
tion by Larsen, a U.S. Geological Suwey open-file report by Page and 
Thayer= should be available for examination at the Menlo Park, California 
office of the Geological Survey. A considerable amount of geologic 
mapping related to water projects has also been done for the Metropolitan 
Water District of Southern California, and it should be possible to 
obtain access to these maps. 

The principal rock of the Cajalco area is the Woodson 
Mountain Granodiorite. The rock is typically white to pale brownish 
gray with scattered black grains and is rather coarse grained. It 
averages 33 percent quartz, 60 percent feldspar, 5 percent blotite, and 
small amounts of other minerals. 

Potential targets in the area included the old workings 
of the Cajalcc tin mine (this is also referred to as the Teaescal mine 
or Temescal district in some reports) and the Cajalco water tunnel. 
Larsen (19A8) quotes older reports (esp. Fairbanks, 1938) to the effect 
that the mine in the 1890^ had two 180-foot vortical shafts and 300 feet 
of horizontal workings- The present state of these workings. From the 
topographic map the Cajalco umnel appears to reach depths of 100 feet 
or so below the surface. 

Topographic relief in the area is 200 feet or less, and 
access appears to be good. Proximity to the Lake Mathews reservoir and 
to facilities of the water district might restrict the use of dynamite 
in testing. Orchards now iccupy an area adjacent to the tin mine pro- 
perty, and this might imply unfavorable soil conditions. 

Cuyamaca Peak Area 

The Cuyamaca Peak area has been described by Everhart.6 

This potential site is a rather large area which includes several more 
restricted locations of interest within the 15-mlnute Cuyamaca Peak 
quadrangle. The more important localities are the Boulder Creek district, 
the Stonewall Mine, the Oriflamme Mine, and .ie Descanso Mine. 
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loCflt-pH <„   
The Joulder Creek district and the Stonewall Mine are 

located in areas where the country rock Is a "mixed" rock of ^nnlloi 
Granodiorite and Julian Schist, ^he Julian Schist is LoJdeLt^ir- 

«ranitlc i'er
88lbly f ^c^^ ***>  Whlch ha8 been Evaded by'the granitic igneous rocks of the Stonevali Granodiorite which is possiblv 

t£lTtl a6e-<  ^t "aiXed"  r0Ck nl«ht create probleL because if^ 
Phic Jock Ä! ?' bUt " ,the inVa8ion and Elation of the metamor- 
?^ri K  

y    i8ne0US rock l8 borough, the resultant might be a 
o? the ^m08e?eOU.8 r0Ck'    'nii*  WOuld need further investlgaflon. Sany 
of the miies in the Boulder Creek district were being worked at the time 

of th! r V81^ 0r dUrln8 earller field work ^ ^e S'o's slvllTl 
some 00 .^t ^ rÄ8/^1011 eXtended thr0U8h a Ve"ical di"an« o ilTc te *t    I *  lateral distance of several hundred feet. The work- 

to8500 feet IT^1  ^ eXtended thrOU8h 600 feet vertically and S 
since 189C ^lll'll ^t  ^T" Pr0perty ha8 been ^^  ina"ive since 1Ö9 . There is about 1000 feet of topographic relief n the 

pret c In'tLI^^' bui,rather '^  a— of moderate re ief are 
Kn,*»ii r    di8!51Ct' The St°n^ll Mine is in an area of low relief 
^r S    ^^ di!trlCt WOUld aPPa"ntly be accessible for work and 
it lies wTthln    'T11"'    ?*  SCOneWa11 Mine ni*ht not be faa«ible because it lies within a state park, is along the shore of Cuyamaca Reservoir 
and is near developed recreational facilities. «eservoir, 

ho B.,ff<  .   Jh! 0xiflamme  Mine ^  located in Julian Schist. There may 
be sufficient inhomogenities within, this rock to preclude its use  The« 
were originally 10Ö0 feet of underground v.orkings'but the ^nets Ion« 
abandoned, and may be largely caved ia. Access to the mine area     * 
would also be difficult due to lack of developed roads 

rock is llaht !l!LDeSCMSO Mlne i8 l0Cated in the Bon8a11 Tonalite. This 
f^LnL 8  8 o^' lne{11Um' t0 "arse-grainei, and consists of predominant 
oroh^M '.^ t0 25/ercent I»8«*, biotite and hornblende. This is 
llttll    ^ T favorable rock type in the Cuyamaca Peak area for the 
proposed experiment. The mine originally had a 230-foot inclined shaft 
and three levels with about 80 feet of workings on each level  Access 
to the mine area should not be difficult, but the workings ma^ be caved. 

2.2.3  Pikes Peak Area. Colorado 

should nn«^!80!!6 8lte?Ji
n fe Pikes Peak region of s^uth-central Colorado 

SounJf/    £ ?e c°nsidered- These are the N0RAD sit. in Cheyenne 

Sya!^oarradCo0!0rad0 ****** *** ^ ^^ C™k ™ ** ^ 

Peak batholithJc .Jii! I      T^  in 8ranitic-type rocks of the Pikes 
subwS J   ? complex, but the Cripple Creek area has been furthe- 
subjected to volcanic activity and mineralization related to th« f™^ 

tend'^o^e0^ r't^  ^ Caldera'  ^ ^  of'tJe^NO^ ite^hu tend to be rather homogeneous while those at Cripple Creek are complex 
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Pikes Peak area iT'Ll p^lis^TdV"1^8 ^r"^ ^ ^ 

site would be Sa J;^;1^1/1^«"^ to utilization of the NORAD 
Blg^iUcaat factor fnJHr?Ceit0S08r.aphy-    ToP0SraPhy would not be a 
record« o?Mr?    ln/he

L
CriPPle Creek area.    Extensive study of the 

to dlJ^f      lu^u*3 ln the CripPle Creek district would be necessary 
currentlv shu. H be8t 8lte '0r exP"^ntation.    Most of the mines Ire 
deS'Lpth ran^; ^ 0f them are alfi0 deeP and ^^ out of the 

tlon     ,  i Sh?Uld the N0RAD site be considered for further investisa- 
iring\hea^an\0i1nTan0df e^01^^' ^T^ *** ^^ data «- obtSned W0..1H K! ! Panning and excavation of the underground facilities.    It 

would be desirable to obtain accesP to ^his information. 

^"^      ^uadalupe Mountains Area. New Mexico and Texas 

in MOU M    .      Th! area at the southern end of the Guadalupe Mountains 

dell at. ^u"!1,,^:    Beca?8e of
4
the hl«h '"I"» °£ vtsltors and tha 

to» Ir^ r" ls «r6!81"' thr°U8h so™ °f the canyona. and onca^ha 
^rS tlrTl^llZ'llt' U "" "0 ^--    * —er:.tads 
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2.2.5  Vlctoiio Peak Area. Texas 

The Victorio Peak area Is located in westerncost Texas 
in Hudspeth and Culberson Counties and south of the Cuadalupe Mountains. 
The larger region around VlCworio Peak is known as Sierra Diablo and is 
described by King.7 

In the vicinity of Victorio Peak there is as much as 1500 
to 2000 feet of Permian limestone of the Bone Spring and Victorio Peak 
formations. Cave systems in these limestones are not well documented, 
but there are vague indications on the maps of the presence of some 
caves.  Some mining has also been done in the vicinity of small igneous 
intrusions which cut the limestones. 

The principal drawback to the Victorio Peak area is the 
topography. Along the east-facing slope of the Sierra Diablo there is a 
steep escarpment.  The limestones also form cliffs. The topographic and 
geologic maps do show areas of relatively moderate relief along the crest 
of the Sierra Diablo escarpment, and if one of these areas could be 
located in conjunction with a cave, the site might be suitable. There 
may also be some difficulty with vehicular access because the road sys- 
tem is not well developed. 

2.2.6  Big Bend Area. Texas and Mexico 

Within Big Bend National Park in west Texas and in adjacent 
portions of Mexico, thick limestone of Early Cretaceous age are developed. 
The geology of the region is well describeo by Maxwell, et. al,8 The 
best areas of exposure are in the Sierra del Carmen and its extensions 
on the eastern side of the Park (Boquillas Canyon area) and the Mesa de 
Anguila along the western side of the Park (Santa Elena Canyon area). 
Similar rocks are also exposed in the Mariscai Mountains In the south- 
central Park. 

Cave systems do exist within the limestones and there have 
been mining activities in U\e  Mariscai Mountains. Information on the 
cave systems is probably available in speleological references. 

The topography of the region is rugged, but the tops of the 
limestone mesas are relatively flat. Vehicular access may be difficult, 
but there are some primitive roads in the area. Access to localities 
on the Mexican side may well be impossible except in the vicinity of 
Boquillas, Mexico which does have a road connection to the United States. 

Since the areas are within a National Park for the most 
part, it might be difficult to obtain permission for the proposed experi- 
ments. However, the desirable areas are -emote where the visitor use is 
low, so permission might be granted with less difficulty than in other 
National Parks.  There is a slight possibility that a suitable site might 
be located outside the Park boundary, but the best locations appear to 
be within the Park. 
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2.2.7  Wlnnfield Salt Dome. Wim Parish. Louisiana 

Although salt is not a hard rock material, Its acoustic 
properties (high velocity) are similar. For this reason, salt-bearing 

areas were not excluded from the survey. 

The Wlnnfield salt dome is located in Winn Parish. Louisiana, 
approximately Mdway between Shreveport and ^exandria  The salt which 

exLnds within 300 feet of the surface, has been ^J.f * ^!j' J!^1 

at a depth of about 800 feet. Maps are available of the mine workings. 

Se cap'rock on the salt has been quarried leaving a ^ J^gJ "» 
and anhydrite (which have physical properties similar to rock salt; 

between the surface and the salt. 

Unfortunately, the tunnels and mine workings have been 

flooded with wä£ in the p^t few years and the mine ^XbJ^sLuer 
ible. In addition, the area quarried over the salt is probably smaller 

than would be desired for a field test. 

• 
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SECTION 3 

ANALYSIS OF VIEWING SYSTEM REQUIREMENTS BASED 
ON GEOLOGY OF FIELD TEST SITE 

In this section, the geology of the selected field test site is 
described in more detail and a model of the site is formulated.  The 
seismic velocities (for compressional, shear, and surface waves) as 
well as Poisson's ratio -re established for all zones in the model. 
The attenuation of seismic waves in the different layers are calculated. 
Calculations giving the response of the tunnels to seismic wave irradia- 

tion are also made. 

3.1  TOPOGRAPHIC AND GEOLOGIC FEATURES OF THE CLIMAX STOCK, AREA 15, 
NEVADA TEST SITE, NEVADA 

The primary geologic feature of Area 15, the Climax Stock, is 
shown on the enclosed geologic map, 1-328, published by the U.S. Geo- 
logical Survey. An index map locating the Nevada Test Site is also 

given. 

Figure 3-1 details existing tunnels. All tunnels, entrance shafts 
and nuclear detonation areas from Hardhat and Piledrlver experiments 
lie within the Climax Stock. This Stock is composed of two distinct 
petiological types in the immediate area of the target tunnels.  The 
lithologic contact strikes irregularlly west to northwest, with the 
granodiorite member to the north and quartz monzonite to the south. 
The granodiorite is oldest with the younger porphyritic quartz monzonite 
aged 230+25 million years. Map 1-328, sheet 2 of 2, contains sections 
through the Climax Stock. The Stock is thought to extend beyond 13000 
feet in depth with the granodiorite, quartz monzonite contact dipping 

steeply to the so-ith. 

Drill holes and coring in the area indicate considerable jointing. 
No core recovery from depths above 20 feet is reported from any of the 
core holes.  During the inspection of this site on lA September 1971, 
core samples from a drill hole were viewed which indicated competent 
rock within 10 feet of the surface. Apparently, the combination of 
fracturing and weathering of rocks near the surface and drilling consid- 
erations have combined to inhibit core recovery at these shallow depths. 

Some faulting or fracture zones exist as can be seen from the E-E' 
and F-F' sections which contain the U-15a exploratory drUl hole. 

Several joint sets have been mapped from drill cores. Detailed 
information can be obtained in the Geological Survey, TEM Report 836.- 
Some jointing and fracture zones are extensive and can be correlated 
between drill holes (See Figure 3-2 which is a section through the drill 

holes mapped in Figure 3-1.) 
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Figure 3-1 - Map Showing Location of Piledriver Tunnels 
Area 15, Nevada Test Site, Nevada 

and Gra'nlte6 d^il^ites^0"1118^ ***  ^ JOlnt8 in the ^ 0f the ^ 

(1) Strike N30 to 40 degrees W, dip 15 to 35 degrees NE 

(2) Strike generally NW, steep dip 

(3) Strike generally NE, steep dip 

Sni-if? Wltl! l0W di?  an8le a11 seem  to be fimly  healed wich secondary 
minerals (quartz pyrite, and feldspar). The joints with nearly verticil 
dip are less well healed, but are generally filled with clay and calcite 
Velocity surveys run from shot points 1000 feet away from the U-15a drlU 
hole show that average horizontal velocities are slightly higher than 
average vertical velocities, indicating that open or loosely filled 
vertical Joints are probably not an important factor. The number of 
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UtSa 
ELEV. 5120fT 

UI6b 
GZ EXPLORATORY 

ELEV.5175FT 

U)5b 
EXPLORATORY «> 

ELEV.6215FT 

SCALE 7/16 -200 FT 

^?   INDICATES MAPPED FRACTURE 
AND/OR FAULT ZONE 

Figure 3-2 - Fault Zone Plunge Section 

joints decreases with depth, especially below about 400 feet In the U-15a 
area, and the dip of the joints generally increases with depth. In fact, 
the extent of in aitu  jointing and fracture zones decreases with depth 
to a sufficient degree that detection of des tressed fractured zones 
surrounding the tunnels has been reported.iCt11 

Additional geologic information consisting primarily of density 
and porosity data and the results of geophysical logs is given in a 
Geological Survey report by Roach, Izett, and Roller, June 1959,12 

Interpretation of Geophysical Logs of the Granite U-15a, Dolomite Hill 
No. 1 and Marble No. Me-2 Drill Holes, Nevada Test Site, Nye County, 
Nevada. The summary of the report indicates negligible variation in 
density or porosity between the two rock types. Unfortunately, data on 
the seiaMxally important porosity are insufficient closer than 144 
feet from the surface; however, the percent porosity of weathered surface 
samples of both the quartz monzonite and the granodiorite is higher than 
that of the unweathered rock. The grain density of both weathered and 
unweathered material is essentially the same, and the dry bulk density 
of both is nearly the same, although weathered values of dry bulk density 
appear to average less than those for unweathered material. 

Weathering effects can extend to as much as 360 feet in the drill 
holes studied. In the upper portions of the drill holes, there is both 
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in the^Lr^1" of,tunnel8 in the Climax Stock lies almost completely 
in the quartz monzonite portion. The Hardhat drift lies at a deoth of 

Z e  soTsh^tWin1^ tunnel sy8tem at U00 fe-    £*~* 
tht fr.tf '        1 SerVe as a vertically oriented target,  as will 
the fracture zone surrounding the Piledrlver detonation area. 

3.2      COMPILATION OF GEOPHYSICAL INFORMATION CLIMAX STOCK, AREA 15 

Area ifare^orJ T^10 ^^^^^ which have been carried out at 

U^LlUpo^^e^ P
7X Ä» ^"^ 0~n ^- 

attenuation measurements,  and some uphole velocity plots 

The Vela Uniform reports have provided a substantial amount of 

S^l^a iVÄ11 Lom ^ PrOPe"leS 0f the "i-'stocRXev0 r. In «iJ!      ?    f Lollipop survey lines and drill hole data reauires 

g^hra^r^ts8011^"' ^ ^ PrOPOSed Site for the sais^ic 20lo- grapny experiments.    A search for more Information has not been success- 

since it'ls a^oS TTI^ST ^ the 1500 entrance «haft are des rabla 

axiste^ of^arfs^fa^- ^s^^^^Z^^l 
and some alluvium in the range 15 to 25 feet in nSi^ss    "ei^hil 
layer, velocities average approximately 12500 ft/sec,  although observed 
values range between approximately 11200 and 13500 ft/sec.    ?hese 
differences are undoubtedly due  to weatherine    alte^M™    JT    u 

usuX ^iK^-h COrrela"0n be-- ^-U "nS'c^pS t^^r6" 
Zult*    f ty When Poroslty ^ reduced,  i.e.,  at high pressure 
Quid clntZl ^1Ch affeCt Velocities  i" "ck are'mineraf composlt^n, 
with respect  to heLPHrtUre,/^SSUre'  8rain slze'  "mentation'directL 
Tn 1?    ?! befding or foliation,  and alteration.    However    scatter 
in velocity at small depths and low pressure can usually be ascribed to 
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Figure 3-3 - Map of Climax Stock Area 

Additional data are obtained from uphole surveys In the area sach 
as Figure 3-5 which Is an uphole velocity plot for the L-2 drill hole, 
the nearest to the proposed experiments. The entire hole lies within 
the granodlorlte, and the values can only suggest the chart..: reristlcs 
of the quartz monzonlte. The velocity profile suggests a tlup.r weather- 
ing structure than noted in the refraction survey. The two zones will 
be termed the near-surface layer (NSL) with a thickness of approximately 
20 feet and the weathered layer (WL) with a thickness of approximately 

3-5 



NOTE FAULT LOCATION TAKEN 
FROM GEOLOGIC MP 

MOfUT 

HORIZONTAL • VERTICAL KAU       *> 

Figure 3-A - Lollipop NSVP Line No. 1 

80 feet. The high speed refraction 12900 ft/sec would correspond to a 
refraction in the layer below (WL), i.e., an altered layer (AL) in 
which some lithologic change has taken place but weathering is not 
predominant. 

The geologic report, T*SM Report 836,9 gives detailed petrologic 
information on the U-15a Exploration Hole. This hole penetrates both 
rock types. Generally, quartz monzonite extends to 325 feet and grano- 
diorite was occasionally encountered in the 0 to 325 feet zone. The 
geologic report yields evidence of hydrothermal alteration of the quarts 
monzonite and granodiorite. The alteration products include clay 
minerals, chlorite, secondary feldspar, sericite, quartz, epidote and 
sulfide minerals, mainly iron sulfide. The clay minerals and chlorite 
occur in zones throughout the rock and are conceitrated with other 
alteration products along prominent northeast dipping joints. The clay 
minerals, predominantly r.uittmorillonite, constitute only a fraction 
of the total rock and appear to be more common in zones 1 to 15 feet 
thick associated with steeply dipping fractures. The minerals formed 
by hydrothermal alteration were abundantly distributed from the surface 
to a depth of about 360 feet. In this zone, both the granodiorite and 
quartz monzonite contain portions in which the alteration is extensive. 
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Figure 3-5 - Uphole Tine Depth Curves 

A summary of the above Information suggests the following model of 
the seismic characteristics for «.he Climax Stock. 

Layer 1. Near-Surface Layer 

Thickness 20 feet + 10 feet. Composition highly weathered quartz 
monzonlte and alluvium. The alluvium referred to here is the result 
of several low southeast-trending ridges which have 40 to 60 feet of 
relief. The intervening valleys contain intermittent streams and are 
partly filled with rock debris derived by weathering of the Climax 
intrusive mass. Velocity of compressional waves is 2150 ft/sec and 
density is 5.15 slug/ft3. The porosity is undetermined but certainly 
greater than 3 percent. 
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Layer 2. Weathered Layer 

Thickness 80 feet + 20 feet. Composition, weathered and hydrother- 
mally altered quartz aonzonlte. In this layer, the weathering effect 
upon elastic wave propagation Is predominant. The quartz monzonlte Is 
medium gray to light gray and contains phenocrysts In a flne-to-medlum 
grained ground mass. Occasional penetrations of granodlcrlte may occur 
In this zone, particularly over the northernmost end of the tunnels. 
The granodlcrlte Is mostly light gray to greenish gray, equlgranular, and 
medium grained. However, this difference Is not expected to change 
velocity significantly In the two rock types, particularly when they 
are highly weathered. Compresslonal wave velocity Is 360C ft/tec. 

Layer 3. Altered Layer 

Thickness 200 feet + 50 feet  This layer Is characterized by & 
significant compresslonal wave velocity change when compared with the 
weathered layer. Average velocity Is 12900 ft/sec. A significant velo- 
city scatter Is observed from the refraction data, which probably 
Indicates variation In the thickness and extent of alteration nones. 
This layer will act as a strong reflector when surface sources are used. 

Layer h.    Unaltered Layer 

This layer Is sufficiently thick so that It may be considered a 
half-space. Data obtained from seismic studies In the Plledrlver tunnels 
yield an average velocity of 19400 ft/sec. Density Is 5.15 slug/ft3. 
This Implies no substantial difference In density for the entire test site. 
A destresaed zone consisting of fractured and Jolntad rock has been 
observed surrounding the Plledrlver tunnels. From uphole surveys and 
refraction shooting, a range of values of velocity and depth of the zone 
has been reported. Velocity ranges from 4300 to 15200 ft/sec and the 
thickness of destresaed zone from 0.3 to 19.8 feet. 

3.3  EVALUATION OF SHEAR WAVE VELOCITIES AND POSSION'S RATIO FOR ALL 
ZONES AT NEVADA TEST SITE 

A tabulation of measured shear wave velocities for Igneous rocks 
can be found In Clark, Handbook of Physical Constants.^ The range of 
values for quartz aonzonlte and granodlcrlte are 9500 to 10500 ft/sec. 
When pressure and temperature are low, corresponding compresslonal wave 
velocities are 15100 to 17250 ft/sec which suggests rather competent 
rock, comparable to the altered or unaltered layers found at the Nevada 
Test Site. The Polsson's ratio calculated from the above velocities 
lies in the range 0.17 to 0.21. In general, the value of Polsson's ratio 
will Increase for less competent rock, but data from rock with a greater 
burial depth Indicate that Polsson's ratio will rarely decrease below a 
value of 0.17.  If value of 0.2 Is assumed for both altered and unaltered 
layers, then the respective shear velocities will be 7900 and 11900 
ft/sec. 
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Table 3-1 - Average Slope Values 

Spread Slope Velocity 

M2-NSV13+ 1.8 13100 ft/sec 

L11-NSV12 1.5 13500 

L13-NSV12 2.0 12800 

L13-NSVU 2.1 13750 

? * 10200 

L1A-NSV13 1.5 11200 

L15-NSV1A 2.9 14500 

Rock Type 

Granodlorlte 

Granodlorite 

Granodlorlte 

Granodlorite 

Quartz monzonite 

Granodlorite and 

Quartz monzonite 

Quartz monzonite 

L12-NSV13 means shot point at L12, spread extends toward L13 along 
Lollipop Line No. 1. Shot point separation is 740 feet. 

The break in ■»ttenuation on L13-NSV14 is probably due to the change in 
lithology frcrn granodlorite to quartz monzonite. There is also a 
change to a lower velocity along the refraction line. 

From this table, the average attenuation slope is 1.8 for grano- 
dlorite and the average compressions! wave speed is 12900 ft/sec. For 
quartz monzonite, the slope is 2.2 and the average velocity 12000 ft/sec. 
This suggests a generally higher attenuation and lower velocity in quartz 
monzonite, which is to be expected when the differences in petrology of 
the two rock types are taken into consideration. However, statistically 
the error Inherent in the quartz mon.'onits data precludes a definite 
statement. Therefore, the average values obtained from the granodlorite 
will be used as representatives of the altered layer for the entire 
Nevada Test Site. 

Attenuation of elastic wave energy in rock is known to be distance 
dependent of the form exp(-ay), where a is frequency dependent. Attewell 
and Ramana,15 "Wave Attenuation and Internal Friction as Functions of 
Frequency in Rocks" have compiled values of a, and White16 lists specific 
experimental values in Seismic Waves, Radiation. Transmission and 
Attenuation. Figure 3-6 contains a series of semilogarithmic plots of 
attenuation. A straight line plot is described by the linear form 
equation 

Y - Bx 
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where 

Y - log y 

y is horizontal distance In feet 

x Is decibels (dB) 

B Is slope 

Changing decibel to nepers yields 

log y - B (8.686) n 

where n Is nepers. Slope Is -1.8 and 

log y - 15.65 (-n) 

Values for n are 

y 

500 ft. 

1000 ft. 

1500 ft. 

n 

0.1725 

0.192 

0.203 

dB 

1.5 

1.67 

1.765 

Ave-age value of a - 2 x 10~3 dB/ft. 

a - dB/y 

0.003 

0.00167 

0.00118 

Following the assumption that first arrivals on the record have a 

frpquency of approximately 40 Hz, then a - a*f is 

-5  dB 
a - 5 x 10 :> f |f 

where f is frequency in Hertz. 

This value of attenuation is of the correct order of magnitude 
when compared with published values.15.16 and corresponds to the attenua- 

tion for the altered layer. 

Once this value for the altered layer has been obtained, rough 
estimates for the attenuation in the other layers can be made by scaling 
the data based upon the assumption that equal wavelengths have equal 
attenuation. Such an assumption indirectly takes into account the 
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important weathering, alteration, and porosity changca which occur in 
the rock. These factors determine the wave speed and therefore also the 
wavelength. 

First the values of a for 100 Hz, 200 Hz and 500 Hz in the altered 
layer are calculated 

a100 Hz " 5 X 10"3 dB/ft 

a200 Hz " 1 X 10'r dB/ft 

Ocnn u      " 2.5 X 10'2 dB/ft 
500 Hz 

For the unaltered half space, the scaled values are 

a,nrt u - 3.3 x 10"3 dB/ft 
100 Hz 

cu™ ,. - 6.6 x 10'3 dB/ft 
200 Hz 

oc „ „ - 1.65 x 10"2 dB/ft 
5u0 Hz 

For the near surface layer 

»100 H. " 3-1 - 10'2 dB/£t 

-200 HZ " 6-1 ' 10'2 dB/ft 

»500 HZ " 1-525 X 10"1 dB/£t 

For the weathered layer 

a      - 1.8 x 10"2 dB/ft 
100 Hz 

»200 Hz " 3-6 - 10'2 imt 

»500 Hz " 9-0 " 10'2 Mtt 
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Since estimates are now available for compressional velocity shear 

tr^L*1"1 8"rftl0n' it l8 P088lble to ca'culate reflection transmission coefficients for all layers at the Nevada Test Site. 

3*5  ^^ATi0N ^ TRANSMISSION COEFFICIENTS FOR LAYERING AT THE 
NEVAiJA TEST SITE 

vibrator ^f"^^ * t:he
j
80urce of wave energy will be a hydraulic 

virM^n«  u  rCe8 aCtlP8 0n the SUrface of the 8round wlll be oriented 
Itteiu«esy,wiSVdis

P
t
r0Pa8afl0n iBu  Charact"1"d ^ a displacement which attenuates with distance from the source. In the near-surface layer, 

the wavelength of the 500 Hz compressional wave is 4.03 feet, and for the 
500 Hz shear waves is 1.72 feet. These wavelengths are of the order of 

uLtS tlZZi™  0f J?6 Vibrat0r 8rOUnd COntact Pad- For a "«tact pad 
linu^ for   ! 80a11 cooPared to the wavelength, the relationship between 
Input force and output wave displacement is well known.16 

For the compressional wave displacement u 

r 
Go cos 6[l - 2  (Vs/Vp)2 sin2 &]e' "    VP eiü,t 

2TTpVp
2r ([l - 2  (V8/Vp)2 sin2 ö] 2 

+ 4  (V./Vp)3 sin2 6 cos 6  [l - (V8/Vp)2 sin2 6] 1/2) 8 

For the shear wave displacement u 

. .     r    2    9 T 
1/2 -iwr/V 

-Go sin 6 cos 6   [(Vs/Vp) - sin2 ö]    e     8 eiü,t 

"PV8 r((l - 2 sin
2 6)2 + 4 sin

2 6 cos 6 [(V8/Vp)
2 - sin2 6 ] ^ } 

where Goe 
w is the input point force 

r is radius 

ö is angle from vertical 

u is radians (source) 

V is compressional wave speed 

Vg is shear wave speed 

3-14 



For reflection and holographic experiments, the wave energy entering 
at almost vertical angles of Incidence Is of greatest Importance. Plot- 
ting the curves for ur and u^ shows Immediately that ur Is the predominant 
wave mode In this range.  In addition, reducing the pad-to-wavelength 
ratio results In Increasing the directional characteristic so that even 
more compresslonal wave energy Is concentrated Into a narrow cone about 
the vertical.  If then the u,*, component Is neglected, only the ur com- 
ponent will arrive at the first boundary between NSL and WL.  The ur 
displacement can be divided Into horizontal and vertical components. 
Indeed for angles of Incidence close to vertical, ur approximates ux» 
the plane wave displacement. 

Transmission and reflection coefficients can be obtained for the 
various layers, based upon an analysis by Muskat and Meres.   The 
coefficients are based upon the propagation of plane waves In an elastic 
medium. Therefore, this theory only approximates the wave front obtained 
from the vibrator source.  The approximation is improved however, as the 
passes through successive layers, an effect discussed by Cagniard, 8 

Reflection and Refraction of Progressive Seismic Waves. 

Whenever waves are Incident upon an interface, mode conversion will 
occur.  This splitting of wave energy at every Interface yields a pro- 
liferation of waves which are a major complication in record interpreta- 
tion. At steep entrance angles, the compresslonal wave dominates where- 
as at angles away from the vertical, downgoing shear waves from the 
surface source become importanc and at some angles are dominant. The 
calculations of reflection and refraction coefficients as presented by 
Muskat and Meres separate the problem into two parts by considering the 
incoming compresslonal and shear waves individually. The resulting 
expressions for reflection and transmission coefficients are of sufficient 
complexity to require computer calculation.  Such calculations have been 
carried out that were necessary to evaluate the Nevada Test Site. They 
show that only one boundary, that between WL and AL, has a significant 
mode conversion.  In terms of energy, 31 percent goes into the reflected 
compresslonal wave, 6A percent is transmitted through as a compresslonal 
wave, and 5 percent is a transmitted shear wave yielding a total of 100 
percent from the incident compresslonal wave. 

3.6  MODEL OF TUNNEL RFSPONSE 

An estimate of the amplitudes of reflected waves returning to the 
surface from the tunnel is required. Two feasible methods of obtaining 
the estimate are a diffraction model which considers the tunnel as a 
wave scattarer, and a conical wave model in which boundary conditions at 
the tunnel walls are considered and the amplitude of emitted conical 
waves are calculated. 

Investigation of these two approaches indicated that the conical 
wave model was more useful.  This model yields values of displacement 
for any point in a geophone array. 
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Discussion of conical wave aodels can be found in Seismic Waves, 
Radiation Transmission, and Attenuation bv White.16 These modeTr  
developed primarily to investigate the wave propagation along cylindrical 
bore holes, are based on the assumption that incident waves on the bore 
hold have a wavelength long compared with bore hole diameter. The cylin- 
drical symmetry of the bore hole then determines the wave modes which 
it can emit when the walls are displaced. Both compressional and shear- 
type waves are possible. Axial symmetry permits describing the wave 
field with two potentials. 

The potential equations are 

A + i Ü + ijt . .L £i 
a,2  r 3r  * 2   2^2 
3r 3z   a 3t 

J-JL + I M  i , 32» . 1 A 
3r2  '3r  r2  3z2  7 3t2 

Where a is compressional conical wave speed 

0 is shear conical wave speed 

r is radial distance from center of tunnel 

z is distance along tunnel axis. 

NOTE: It is assumed throughout that the conical wive speed does not 
differ significantly from plane wave speed. Similarily, spherical wave 
speed is the same as for plane waves. 

The displacements can be obtained from the potentials as followp: 

u .li-ii 
r  3r  dz 

.3i+3i + i 
u2  3z T 3r  r 
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The potentials obtained by solving the above equations for the case 

6 < a < |c| where c Is phase velocity are 

-iiz    lut [1 2     ' -iiz 
A1H0

X (mr) f A2H0 (mr) e    e 

- I B^1 (kr) + Bj^2 (kr) 
*C 

a 

-iiz    lut 
e   e 

,     7 1/2 2     2 1/2 

- u/c; m - to (1/a - 1/c^)  ; k " «ß (1/ß - 1/c ) 

\ 

where u) - 2n (frequency) 

c Is phase velocity 

H Indicates a Hankel function 

Before applying these equations, It Is necessary to evaluate their 
validity for the Nevada Test Site. In addition, it is useful to simplify 
the relationships as much as possible. The compresslonal wave speed in 
the rock surrounding the tunnel is 19200 ft/sen and the wavelength Is 
38.4 feet at 500 Hz. At 200 Hz, the wavelength is 96 feet. Tunnel 
diameter can vary from 20 feet to 30 feet so that at maximum frequency, 
the wavelength approaches tunnel dimensions; however, with the vibrator 
source, the frequency can be adjusted to increase the ratio between 
wavelength and the tunnel diameter to any desired value. 

Of particular interest are ratios of 

ma/a <  1.0 

where a is tunnel radius. For a 30 foot tunnel a - 15 feet, and with 
a - 19200 ft/sec this implies a frequency of 200 Hz or less. Under 
these conditions, the reflected wave energy is concentrated in the com- 
presslonal wave for decreasing values of the phase velocity. At the 
Nevada Test Site, the layering is such that angles 

v ■ arcsin (a/c) 
P 
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will not be less than 6ü degrees and the reflected compresslonal wave 
will never contain less than 75 percent of the incident wave energy 

con^nfr t?i8 ueaSOn, lt l8 P08sible to omit the mode conversion and 
consider only the compressional wave contribucion to the displacements 
This simplification is not mandatory, but only a convenience for caWa- 
JJ ^   conditions at the Nevada Test Sire warrant, a more detailed 
consideration of conical shear waves can be conducted.     detailed 

The displacements reduce to 

3d) 
r  dr 

z  <1z 

tunnel^sp0:^!"10081 Pr°CedUre iS " ^^  "" '""*■«"<*' •>! 

.t tk.K ^en"al. it 'a only necessary to consider a source loceted 
cherae      llltTi*?™ f "J" "*'•• for ex""'le- ' "»11 «Plosive 

s 

t    - ^ ^(kr'-ut) 
^s      r'  ' 

where k is the wave number (u/a) 

r' is radial distance from source. 

Theddispl&cement ur, is obtained in the usual way 

V  3r'  r' o 

valu^of'r'!' "^ ^ the ^^ inPUt ValUe and rorresP0"d« to a fixed 

Hence, Ag is determined 

u... 
A     r 
s   (w /a) o 
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Now ur. can be determined for any r", und then multiplication by the 
attenuation factor expC-ar') yields t»-a final value at the tunnel 

boundary. 

For a local region in the vicinity of the tunnel, it is possible 
to approximate the displacement of the spherical wave by a plane wave. 
The potential for the plane wave can be written. 

JC 'ilz    iut 
6 - A e   e    e 
P   P 

The displ icements are defined by 

are 

Ux  8x  ' Uz  3z 

The relationships between ur, and the plane wave displacementd 

u = u , cosö 
x   r 

u ■ u , sinö 
z   r 

where 9 is angle to the vertical. 

The value of Ap is determined as in the spherical wave case and 
the approximate plane wave is completely defined. 

The incident plane wave upon arrival at the tunnel displaces the 
tunnel walls.  This displacement will cause the formation ol  conical 
waves and surface waves at the funnel walls.  At angles of incidence 
near to vertical, coupling to conical waves will be predominant.  This 
is similar to the reflection at a plane boundary where coupling to sur- 
face wave decreases with increasing angle of incidence.  The establish- 
ment of completely symmetrical conical waves is, of course, impossible 
with an incident plane wave; however, an approximation is possible in 
the illuminated zone and at large wavelength-to-tunnel-diameter ratios. 

The two potentials ♦p and $c can, of course, only be matched at 
a single point because the plane wave amplitude decreases with increased 
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«Jfoflhftu^}"1 """ dln""1'h" "'th '""easing radius fro. the 

♦p ■ *p •*" e""1 .'"' . A^1
 („) .-"' e"* 

Equating real and imaginary parts 

A cos ox - AjjQdnr) 

Ap sin mx - A^Onr) 

where r is tunnel radius and at the tunnel wall r - a. 

The reflection coefficient A^ can be obtained as 

A2    Q ma H1
1 (ma) + HQ1 (ma) 

1    Q ma H  (ma) + Hn
2 (ma) 

where 

Q,-2 (k2-£f2 
a2 (k2 - £2)2 

1 - 
2l2  ka H0

2 (ka) 

(k2 + I2) H^  (ka) 

i8Cdeflned8 been detennined' the out8oing compressional conical wave 

(conical outgoing) ' A2 H0 ^mr^ e  Z e ^ 

For large r (i.e., large radial distance from the tunnel)  the 
Hankel function can be approximated as an exponential        ' 
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1/2 -Umr-*/*) -1^ el,J,t 
. A (2/mr)   e 

"(conical outgoing)   ^ 

The partial derivative of this potential with respect to r yields 

the displacement due Lo the outgoing conical wave. 

-imr 
1/2    Ufi» « 

., me 
r      \" z r 

21 1/2 1/2    iWA e"imr      -i"    M 
= irl  A2 m   e  ^TT e 

To evaluate ur at the boundary between AL and UAL. it must be multiplied 

by the attenuation exp(-cir). 

Calculations of the type described above have been carried out to 
Calculations or tne yy t  fron the model that optimum 

sion to shear waves for a geopl.one spread parallel to the tunn 

3.7   SURFACE RAYLEIG» WAVES 

amplitude than any other on a seismic record. 

For normal reflection records, the source-geophone spread 1« 

arrang d so that ^l^^^J^]^: ZXTZT' 

^se^rtÄ 

ources! ^en layering occurs in the P-P3^^^ ^r'pSt of 
the Climax Stock area, the Rayleigh wave may be dJ;sPe^ ^'„^f^ 
characteristic Rayleigh dispersion may be found in Elastic Waves 

Layered Media by Rwing, Jardetsky. and Press. 

Generally if the wavelength of the Rayleigh wave is ^""Xh 
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i <•> .it; nuou ; sourcp •in ofton 
LAi.   c.-rpjnents from n multi- 
-  -, .  ..ill  l- ^ t   t= n/*       i *■ the Nevada 

thickness of the near-surfa.;o iuyrr is 20 feet so that the wavp^-ngth 
is only a fraction of the thickness, '.cnrc,   it in  expected ihat the 
Rayleigh wave will be nonJisp'-.rslve and have a wavelength of approximately 
4 feet.  Layering variations along : hi !L-oph>>ne spread can rcodify this 
analysis and suitable correct ions • ,in   ^ made aicordlny to infonr.atlon 
gained from the refracti^i .-ijrv y.  N J.fficilty is anticipated in cal- 
culating the variation^ la i<iy. i,,  « n.. de sin.-e the theory ir; well 
known. 

ACtcauati -»n oi ..,■.v- 
be accomplished bv a...  ci :.  ;   : L. 

gev>phone eaplac xe:.c   S;:. 
Test Site if rec,ui.ei. 

3.8  TUNIJEL DfcSihiäi. ■  i:i   . .  . Ki /}..:.:.3 ^:üV\L 

TH<\NSMlSSiUN 

A destresscd S'me I...- i.- . i ,. ■ to exist sii rom. li n^ the Pile- 
drive tunnel comples.  This ■:< • . .si-J .  i II, a I w velocity .-.one of 
rock which has variaul. u.l .<.-     r •■ from 2 fc-cr to 20 feet.  An 
average depth loi the z .;.L M 

l. i ^. II.  low v. Kcity fs the result 
of fracturing of ihe ,. k  it   / 1 v,: ■   nari.vg the excavation process. 

The primary i.,:.;.^ i.  ••  i -^<.i i nc i.^ its effect upon 
the incident wave .  1'*; ■ .:i      ■ r.  first, the tunnel can 
appear larger to ti.- ;.  - • r.-,, xodc   cciversion can 
occur.  Data prcj^.ii i .  . .t ■! .. . . ; .L . :. nr, botween 
degree ot   friCi.r:.,, ^  .•-• ■■^--   ' "-C ^^a- 
tressed z^ne range f    ••   . -- -  it/.jcs..  A;, v ;a-i. average 
is about llOM) it/ CJ.       :;   :.  • ^ -.ne . n w.. c propagation can 
be calculated.  ^Vn ex.i.,^-  i . ■• rsion i.t  diffcrenl modes 
from an incidert c-ir.-ri.  : f  M,-.:,.-. below. 

CASE:  Incident C( ., ..-.s wave .L an ..r.nle of 30 degrees 

with vertical. 

Reflcc-to I  .i.i .. . i ■ .. 0? 

Refle-c-i   . . 29;< 

TransmitL J .  , .   . '1? 

Transmitted sluar 9/^ 

Total In .d i :.  J ■ 100/i 

Therefor« , mode cor. < .'si .;      ;.i . . .. alt-cributl o ' f energy 
will vary accordiag LT ii.c.c.n ..»-.„. ... t,.i:. case, r.o ro:'tort ion 
of compressional energy is < .<pi. t.. i ; . i a d^j to the destressed zone. 
The incident wave will i _ ..L^CI., ..  . s .t. eqacntly r^flortod by the 
tunnel wall. 

3-22 



The Piledriver data indicate thatffracturing is a major factor 
inrreducing wave velocity.  There is therefore some concern as to the 
effects of the nuclear detonations which have occurred near the tunnel 
complex.  Figure 3-7 is a cross section of the Hard Hat detonation site 
and Figure 3-8 shows the extent of crushed and collapsed zones.  Based 
upon geologic observation, no explosion-produced fractures are reported 
from the 1300 entrance shaft and extending 280 feet toward the U15a 
shot point.  The actual effect upon elastic wave propagation can only 
be inferred, since no post-shot geophysical investigations have been 
carried out. 

At the Piledriver site, the tunnels vere resurveyed after the 
detonation and permanent displacements were noted at all points. 

Displacement at 1000 feet is 0.86 foot 

Displacement at 1500 feet is 0.38 foot 

These measurements were, of course, made on the destressed zone and 
the validity when extended into the higher velocity rock surrounding 
the tunnel is uncertain.  Of greater importance and significance are 
bore hole data from the U-15.01 PS IV drill hole Survey of Piledriver 
Results, by I. Y. Borg.20 This drill hole penetrated into the cavity 
formed by the Piledriver event.  Permeability data, which are related 
to degree of rock fracturing, indicate a zone of increased permeability 
with a maximum vertical extent of 1032 + 36 feet above shot level or 
approximately 500 feet from the surface.  The Climax Stock has many 
fracture planes and these have mostly been healed with secondary minerals. 
The Piledriver detonation has most certainly opened large numbers of 
these fractures at least to a distance of 1050 feet from the shot point. 
The effect beyond 1050 feet is uncertain, but it must in any case be 
ubaumed that some velocity and attenuation changes have taken place. 
It is also quite likely that these opened fractures are now filled with 
perched water.  For this reason and for layering corrections, the pre- 
liminary refraction and reflection tests are recommended. 
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SECTION 4 

DESIGN OF UNDERGROUND VIEWING SYSTEM - 
SEISMIC HOLOGRAPHY EXPERIMENT 

In this section the design of the underground viewing system - or 
more accurately - the design of the seismic holography experiment is dis- 
cussed.  Based on the analysis of the selected field test site geology 
described in Section 3, calculations are made to predict signal atrengths 
present at the surface. These signals include those from the targets, as 
well as reflections and refractions from reflecting interfaces. Once the 
signal strengths are known, the following information can be obtained: 
the maximum frequency (from a vibrator energy source) that can be used to 
ensonify the targets, the maximum spatial frequency (minimum fringe spac- 
ing) across the aperture, the number of sampling points required in the 
holographic aperture, and the size and position of the aperture. The 
latter can be determined by considering the target signal strengths and 
the topographical features of the site. Data acquisition with different 
types of seismic excitations (CW and pulsed CW using a vibrator, and im- 
pulses using explosives) are considered.  Finally the equipment and 
instrumentation requirements are given. 

4.1  CALCULATED AMPLITUDES OF RECEIVED SIGNALS BASED UPON 
THE COMPOSITi MODEL OF THE NEVADA TEST SITE 

The vibrator source is described and the expected ground displace- 
ments are given in Section 5. With these values of displacement as In- 
puts, expected amplitudes from important wave paths have been calculated. 
The values obtained consider the tunnel response, geometrical spreading, 
attenuation, energy loss through mode conversion at layer boundaries, 
the destressed zone surrounding the tunnels, and coupling of the incident 
wave into an outgoing conical wave. 

A complete calculation is carried out as follows: At 500 Hz the 
surface displacement at the source is 5 x 10"5 in. The wave enters the 
ground almost vertically downward at an angle of incidence from normal 
of 30 degrees for the Pil^driver case (see Figure 4-1). The wave prop- 
agates downward as a spherical wave and attenuates due to geometrical 
spreading as 1/R.  In addition, the wave is attenuated at a rate which 
is determined by its frequency. The attenuation factor is exp(-oR), 
where a corresponds to attenuation factors previously calculated. These 
factors combine to determine the wave amplitude in the near-surface layer 
just before crossing into the weathered layer. 

„ r(incident)  -aR 
R(final) "     R     e 
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SOURCE GEOPHONE DISTANCE 1 380 FT 
0URC£ "EAR SURFACE LAYER 20 FT. GEOPHONE 

WEATHERED LAVPR an CT:=::====^N f 

? a. 
SCALE:! 1 = 200 FT 

Ur(incldent) " 5 x 10'5 Inch 

R (thickness of layer) - 20 feet 

e"0 - 0.705 

Ur(flnal) m t-'7* *  10"6 inch 

Of particular Interest It. the verMp-i 

iW^T thiS U  the component measured hv
COniPOnent 0f dl8Pla"n.ent 

the NSL the Incident angle is 3 Jejrees and U J"    ^phones.    For 
To determine the efferr «f « w       X   r' 

mission coefficients are calculatL ^"^ 
the ref^ctlon and trans- 
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In this case, D - 2nf - 3140 and Vp - 2150 ft/sec. 

1 - 1.21 x 10"6 

I2 - Y-  (Ij) - 1.51 x 10"6 

Vertical displacement in the weathered layer becomes 

U . T H-- 1.32 x 10"6 inch 
x   2 Vp 

The angle of incidence for the weathered layer is 5 degrees, so that Ux 

is approximately equal to Ur. 

The wave amplitude is again corrected for geometrical spreading 
and attenuation factor a corresponding to the weathered layer. 

U /^  ,v - 1.16 x 10"7 inch 
r(final) 

A new value of the incident potential amplitude is calculated 

U V _7 
I - -2—E. . 1.33 x 10 
1     ü) 

where V corresponds to compressional wave speed in the weathered layer. 

The potential amplitude ratio for the altered layer is 

I2/I1 - 1.56. Thus, 

I2 - 2.07 x 10'
7 

U » A.58 x 10"8 
x 

Correcting Ux for geometrical spreading and attenuation yields 

U /c.  ^ - 8-62 x 10'8 x(final) 

The new potential is 

I = 3.53 x 10"8 
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For the boundary between altered layer and unaltered half-space 

l2 

h 
I - 4.37 x 10"8 

U - 7.08 x 10"9 
x 

Correcting for geometrical spreading and attenuation 

U ,,, ., - 1.26 x lO"10 
x(final) 

Therefore, the potential wave amplitude is 

II - /.78 x 10"
10 

In order to calculate the tunnel response it is necessary to deter- 
mine the potential of the outgoing conical wave. First, the compressional 
plane wave ponential is matched to the potential of a conical wave at the 
boundary of the tunnel. This matching can only occur on the ensonified 
side of the tunnel and along the center line of the tunnel. The contri- 
bution of Ux to a radial displacement of the tunnel wall drops off rapidly 
along either side of the center line. The emitted conical wave will 

therefore not be symmetrical. 

Matching is carried cut for real and imaginary parts 

Real part: I, cos (mx) - k^  Jo (ma) 

m - ^- - 1.62 x 10"1 

P 

A1 - -1.05 x 10"
9 

Imaginary part:  I. sin mx - A1 No (ma) 

Aj^ - 1.46 x 10"9 

Using -he previously developed expressions for A and A^A^ 

Q - -0.318 - 1 (0.337) 
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A2/Al ' •0*033 + i (1*65) 

The real or imaginary part of Aj^ must be chosen so that Ur of the 
conical wave is positive and real. The following are chosen to satisfy 
this condition. 

eiu,t ■*• i sin ut 

ilz . e   -* cos Iz 

imr e   ■* cos mr 

iiT/4       ,, e    ■♦ cos IT/A 

The amplitude is determined when sin uit - 1. 

cos iz  - 0.809 

cos mr - -0.309 

Hence A. - 1.46 x 10  is chosen to yield Ur positive. 

-12 
U - 4.08 x 10   inch 
r 

Including attenuation 

V /e4    1N - 5.J7 x 10"
13 inch 

r(final) 

Next, the potential is calculated as if the emergent conical wave were 
an approximation to a plane wave. 

U V .- 
I, - -S—E - 3.13 x lO"12 
1    u 

For the boundary of unaltered layer into the altered layer, ^/^ " 0.748 

I2 - 2.34 x 10"
12 

U - 5.72 x 10'13 
x 
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Including conical wave spreading and attenuation. 

üx(flnal) "  2-96 x 10"13 

The potential becomes 

I1 - 1.21 x lO"
12 

For the boundary of altered layer and weathered layer lo/Ii - 0.337. 
tlün'Jields  CalCulation a8 above induing wave spreading and Üttenua- 

üx(flnal) * i«51 x 10"13 

11 - 1.73 x 10"
13 

I2/Il for the weathe'ed layer, near-surface layer boundary Is 0.742 

12 - 1.28 x 10"
13 

Wave spreading and attenuation yield a surface value of 

Jx(flnal) 
U»m«-n - 1-3 x 10"13 Inch 

mu^Zl  ^ J eraJl0n,ua8 80 far been 8lven t0 the destressed zone sur- 
IfltlA  fn^T*^ ThV0!Je wlll cau8e mode conversion and calculation 
rLS Jh. J   WKhat Znll  71,3 Percent 0f the lncident ^e energy will 
ilU lose 12TiJ r0;8h.the de8tre88ed zone- "Po« re-emerglng. the wave 
tÜiJ  r^; ff  ^ 0fu1aVe  ener8y t0 a traPPed mode surrounding the 

TK...- t ^»PU«1011 0f expected signal returns Is shown In Table 4-1. 
Theue Include the response of Hard Hat (Figure 4-2) as well as Plledrlver 
tunnels to various frequency Inputs. rueoriver 

«..^ I,1' f8 8een ^  the8e "«Ponses are quite low and consideration 
must be given to the possibility that other signals may interfere with 
detection of th funnel signal. »"«.« witn 

Coherent signal returns from layering and surface wave interference 
will tend to use up the dynamic range of the recording system.particu- 

lllll ^er„the JrV8 a contlnu0U8 w«ve (CW). An iSvestigaiSnJf pos- 
sible strong reflections and refractions has been undertaken. The 
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Table 4-1 - Wave Amplitudes for PUedrlver and 
Hard Hat Test Sites 

500 Hz      200 Hz      100 Hz 

Input displacement from 
vibrator 5 5C io-5 2.5 x IO"3 1 x IO"2 

Tunnel Response, Hard Hat 
Source-geophone distance 5.3 x io-12 4.7 x IO"9 5.4 x ICf8 

695 feet 

Tunnel Response, Piledrlver 
Source-geophone distance 9.7 x io-14 8.2 x io-10 1.6 x IO-8 

1380 feet 

P refraction at 695 feet 7.7 x io-11 1.2 x io-8 1.1 x IO-7 

P refraction of 1380 feet 7.7 x io-12 4.4 x io-9 8.6 x IO-8 

Rayleigh Wave at 695 feet 7.1 x io"8 3.6 x io-6 1.4 x IO-5 

Rayleigh Wave at 1380 feet 3.6 x io"8 1.8 x io-6 7 x IO"6 

P reflection (15 degrees 
from vertical) 1.6 x io-8 8.1 x io-7 3.2 x IO-6 

strongest reflections from the reflecting layer will occur near the 
source. P-waves entering the ground at 15 degrees from the vertical and 
reflected from the WL-AL interface will give a ground displacement ampli- 
tude as tabulated below. 

Reflection (15 degrees from vertical, 45 feet from source) 

500 Hz - 1.6 x IO-8 inch 

200 Hz = 8.1 x IO"7 inch 

100 Hz - 3.2 x IO-6 inch 

P-waves entering the ground at an angle greater than 15 degrees 
(the critical angle) will be refracted rather than reflected. The strong- 
est returning body wave due to this refraction is the PiP2p3I>2pl refrac- 
tion. This wave enters as a compressions! wave, is refracted by the WL-AL 
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SOURCE GEOPHONE DISTANCE 690 FT. 

CE I SOURCE      NEARSURfAC^LAVEKZOFT.      „„,„„„,, 

SCALE:   1 IN. = 200 FT.       Z 

Figure 4-2 - Piledrlver Site, Ray Paths for Sample Calculation 

boundary, travels with compressional wave speed in AL, and then rtturns 
to the surface as a compressional wave. The discovery that this is the 
strongest body wave return is not surprising, since it is the prominent 
wave mode reported in the V^la Uniform reports.13 Amplitudes for this 
refraction are tabulated bdlow. 

Refraction at 695 feet 

-11 
500 Hz = 7.7 x 10 ^ inch 

200 Hz E 1.2 x 10"8 inch 

100 Hz 5 1.1 x 10'7 inch 

Refriction et 1J80 feet 

500 Hz = 7.7 x 10"12 inch 

200 Hz = 4.4 x 10"9 inch 

100 Hz = 8.6 x 10"8 inch 
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These amplitudes are not sufficiently great to exceed the dynamic range 
of the recording system and therefore will not mask the tunnel response. 

The surface wave at the higher frequencies, greater than 100 Hz, 
Is essentially not dispersive and can be attenuated by a geophonp group. 
Methods for estimating the effective attenuation can be found In A Graph- 
ical Method for Computing Geophone Group Response, by Verma and Roy.2' 
For a continuous sinusoidal Input, the normalized response Rn of n single 
geophones of equal sensitivity in a linear, equally spaced array is 

_ sin (n Ti D/X) 
n  n sin (TT D/A) 

where X is the wavelength and D is the distance between consecutive 
geophones. 

For geophones of equal sensitivity, the effective attenuation is 
strongly dependent upon the exact placement of the geophones.  This crit- 
icallty can be reduced by adjusting the relative sensitivity of the geo- 
phones in the group. As an example, a six-element array with spacing 
varying from A/1.5 to A/4 will give a normalized response of 0.06 or less 
to a wave with wavelength A. 

Determination of an optimal spacitig and sensitivity can be estab- 
lished by summing terms of the form Fn.  Estimation of Rayleigh wave amp- 
litudes is difficult for near-surface materials. However, for low fre- 
quencies, Jolly and Mifsud22 have reported that amplitude varies roughly 
as the reciprocal of shot detector distance for the vertical component. 
This decay in amplitude is the combined result of wave spreading and at- 
tenuation. At frequencies above 100 Hz, the amplitude Is expected to 
decrease more rapidly due to higher attentuation. A suitable attenuation 
factor has not been determined for surface waves; therefore, amplitude 
will be calculated using the Inverse distance relationship only.  It is 
recognized that this Is only an upper limit to the expected amplitude. 

Rayleigh wave amplitudes at 700 feet 

500 Hz; 7.1 x 10~8 Inch 

200 Hz; 3.6 x 10~6 inch 

100 Hz; 1.4 x 10"5 inch 

Rayleigh wave amplitudes at 1400 feet 

500 Hz; 3.6 x 10"8 inch 

200 Hz; 1.8 x 10"6 inch 

100 Hz; 7.0 x 10"6 inch 
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As pointed out previously, the use of multiple geophones can reduce 
the effective amplitude of Rayleigh waves by a factor of 0.06. 

Effective Rayleigh wave amplitudes at 700 feet 

500 Hz; 4.3 x 10"9 inch 

200 Hz; 2.2 x 10"7 inch 

100 Hz; 8.4 x lO-7 inch 

Effective Rayleigh wave amplitudes at 1400 feet 

500 Hz; 2.2 x lO-8 inch 

200 Hz; 1.1 x 10~7 inch 

100 Hz; 4.2 x 10'7 inch 

The Rayleigh wave amplitudes will be greater than those listed 

??ore«vear?r «V0Uw'  The maximxm  value' occurring a few wavelengths 
(for example 35 feet) from the source, will be approximately 20 times 
greater than the amplitudes listed above.  This indicates that the dynamic 
range requirements may be exceeded at geophones near the source, but this 
should not be a serious problem since the a "hole" in the aperture will 
not drastically affect the reconstruction. 

Table 4-1 summarizes the displacement amplitudes of the various re- 
flections, refractions, and Rayleigh waves calculated in this section. 
According to this table, the strongest signal will be due to the Reyleiah 

IZ^L      P ?0HH:' the retl0 0f the Raylel8h Wave 8l*nal t0 the signal from the deep Piledriver tunnel will be within the dynamic range of the record- 
ing equipment at geophones greater than 200 feet from the source.  If the 
Rayleigh wave is attenuated by using multiple geophones, the ratio is re- 
duced by greater than a factor of 10. 

4.2  HOLOGRAPHIC APERTURE DESIGN 

The signal strength calculations of Section 4.1 indicate that the 
maximum excitation frequency that can be used to ensonify the deep (1400 

from thTh nS ??«ÜZ; Frther' ext"Polatlng between the signal strength 
from the shallow (780 feet) tunnel, frequencies as high as 300 Hz might be 
used.  For the purpose of the report, however, a vibrator excitation fre- 
quency of 200 Hz will be assumed.  If initial'field re lection results in- 
dicate that either higher or lower frequencies can or must be used the 

accordingl   hol08raphlc aPerture (geophone spacing) can be adjusted 

Slnr* IvV8? 0f expl0slv^ as a 8elsmic energy source is also recommended. 
!lbr^rP   ^ are CfPable 0f radiatln8 much more seismic energy than a 
vibrator source, even in a narrow frequency band, quasi-monofreqSencies of 
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greater cl.an 200 Hz may be obtained. Whether frequencies with high Inten- 
sities greater than 200 Hz can be realized will be determined by the fre- 
quency analysis of records In the field. 

The maximum holographic aperture that can be used is estimated 
to be 1500 feet square. This estimate is based primarily on the long 
path signal strengths from targets as calculated in the previous sec- 
tion.  Figure A-3 illustrates the outline of the aperture recommended 
foi the experiment.  The size of the aperture, and its position, was also 
influenced by the topography of the area.  Roads run parallel to the west 
and south sides of the aperture and the topography becomes more rugged 
outside the aperture outline shown. 

The seismic energy source (vibrator or explosives) is shown in the 
southeast corner of the aperture In Figure A-3. This position, near the 
intersection of the two tunnels, was selected so that both tunnels could 

Figure 4-3 - Map Showing Location of Holographic Aperture 
with Respect to Nevada Test Site 
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frln~rJfied "T^" O0re effectlvely to provide a maximum number of 
rÜTJt      K   ^  aPerture» and brause It is further removed from the 
chimneys above the two nuclear shot points. 

The number of fringes obtainable across the aperture due to reflec- 

eicTin^tJ le^tL"; ^ ^^^  by calcu^^n8 the maxLTdlfer- 
!n5% .E  J  

8^h8 lrom  a polnt on the tunnt] vertically to the surface 
and to the edge of the array (see Figure 4-4).  Velocity chanRes In the 

re^ncy"? 0^^ T "^^J ^^ Fr0m the8e -IcuA^.^t^6 

nprM^ ?    u i the number of frin8e8 acro88 ^e aperture due to re- 
tunnel Cinr0?  ' deeP tunnel i8 8li8htly more than foir. The shallow 
wnrincreasf or T™ fr±ngeS-    ^ U8e 0f hi8her or low« frequencies will increase or decrease, respectively, the number of fringes. 

aa    1.
The

4
minlmum fringe spacing across the aperture will determine the 

X S8
P c^r^U ^T 8rC.lnK8) reqUlred  In thl8 case^^lnJml 

From Fl«ure J?4 tL ^ ?   lned.by reflection8 ^om the shallow tunnel, 
quency o? 200 Hz th^mlnln,u? 8Pa^n8 l8 60 feet for an excitation fre- 
«!«?        f* ,SlnCe a functlon is adequately sampled If at least two 
irtlll  L" CyC e i^1"8^ are taken'23 a maxlmu* geojhone spacing of 
facing S lirelTis ZTiZV^"* ^^ ^^ * *J*™ 

MINIMUM 
FRINGE SPACING 

APERTURE PLANE 

WAVE FRONTS 

MAXIMUM PATH 
LENGTH 

TUNNEL 

Figure 4-4 - Determination of Number of Fringes 
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The angular resolution a of a square aperture A with an illuminating 

wavelength X is2** 

a - sin"1 (A/A) 

For this case, with f - 200 Hz, 

a - sin"1 (100/1500) = 0.067 radians 

Since the two target tunnels are 780 and 1400 feet deep, the minimum dis- 
tance A resolved will be 

A,/rtrt a.   , ■ 1400 a - 94 feet 
1400 Tunnel 

A ,,,,, .r   . - 760 a - 50 feet 
700 Tunnel 

The resolvable distances are larger than the tunnel diameters (20 feet), 
hence images of the tunnels in the reconstructions will appear wider 

than they actually are. 

4.3  HOLOGRAPHIC DATA ACQUISITION 

Holographic data can be gathered using four different types of 
excitation: monofrequency CW, pulsed monofrequency CW, and frequency 
modulated or "chirp" pulses with a vibrator source, and with impulsive 
sources using explosives. 

4.3.1  Monofrequency CW 

Ensonification of a target area with a continuous mono- 
Crequency wave long enough to establish steady state conditions is the 
method that usually comes to mind when holography is considered. Using 
this method, every sampling point in the aperture simultaneously re- 
ceives signals from every reflecting and scattering point and from every 
noise source in fV earth within its range after steady state conditions 
are establ shed. Theoretically, one could instantaneously sample each 
point in the array and obtain a hologram. 

The disadvantage of this method in the seismic case is that 
strong reflections and refractions and signals from various noise sources 
(wind, traff.'c noise, etc.) are present along with weak signals from the 
desired targets. Random noise can be virtually eliminated from the re- 
ceived signal using phase detection and integration schemes, but the 
relative amplitudes of coherent reflecting, refraction, and scattering 
noises to the desired target signal remain high. The ratio ot these 
strong undesired signals to desired target signals approaches 80 dB near 
the source (see Table 4-1), and in the present case is barely within the 
dynamic range of digital recording equipment. 
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The large amplitude ratios of undesired strong-to-weak tar- 
get signals indicate that weak signal enhancement techniques (described 
in Section 6) might be used in order to image the target tunnels when a 
continuous monofrequency wave is used for seismic excitation. 

An alternate method of defining the weak target signals in 
the presence of large interfering signals Is to subtract the large signals 
from the total signal.  The amplitude and phase of the Rayleigh wave at 
each geophone can be determined from a pulsed CW experiment (see Section 
A.3.2). With this information, the Rayleigh wave can be effectively re- 
moved from the total signal during computer processing.  Strong signals 
from the WL-AL reflecting Interface may also be removed from the total 
signal in a like manner.  The phase and amplitude of the interfering sig- 
nals must be measured accurately to accomplish this, however. 

Figure 4-5 shows the method in which data acquisition is 
accomplished. The geophone signal is amplified by a seismic amplifier, 
mixed with a reference signal and phase detected, integrated to eliminate 
random noise, and recorded on a digital recorder after analog-to-digital 
conversion. The "raw" received signax would also be recorded. 

4.3.2  Pulsed Monofrequency CW 

Ensoniflcation with pulsed monofrequency waves differs from 
the CW case in that the pulse length is not long enough to establish 
stea !y state conditions. Hence, signals received at the sampling points 
in the aperture vary with time, and individual signals originating from 
various reflectors and scatt&rers and the Rayleigh wave signal can be 
separated on a travel-time basis. Random noise can be reduced from the 
received signals by recording and "stacking" (averaging) the received 
signal of several pulses. The stacking process increases the signal-to- 
random-noise ratio by a factor of "YN, where N is the number of records 
averaged. 

The advantage of this technique is that, although the rela- 
tive amplitudes of strong and weak signals are not changed from the CW 
case, many of the undesired strong signals can be discriminafed against 
in the time domain. 

GEOPHONE 

REFERENCE 
SIGNAL 

i 
PHASE 

DETECTOR 
A/D 

CONVERSION 
DIGITAL 

RECORDER 

Figure 4-5 - Holographic Data Acquisition 
of Continuous Monofrequency Waves 
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The method of data acquisition for this case is shown in 
Figure 4-6.  The gecphone signal is amplified, converted from an analog 
to a digital signal, si-acked (time averaged), and recorded on a digital 
recorder. 

4.3.3  Impulsive (Explosive) Sources 

The use of an explosive to generate seismic waves has two 
advantages.  First, explosives are capable of radiating much more energy 
than that achieved with vibrator sources, even in a narrow band of fre- 
quencies.  Second, if the explosive charge is detonated below the major 
reflecting layer (100 feet deep), the reflected and refracted waves no 
longer exist in the aperture plane. A large direct wave from the source 
is present.  However, since this wave arrives at the geophones prior to 
reflections from the targets, it can be discriminated against by time 
gating or time discrimination. 

Because explosives radiate a wide band of frequencies, the 
received signal must be filtered to obtain a quasl-monofrequency signal. 
This is most conveniently done in a digital computer.  The minimum use- 
ful bandwidth Af that can be analytically filtered depends on the dura- 
tion T of the signal and is25 

Af 
4Tr T 

In this case the minimum signal length is expected to be 0.2 seconds re- 
sulting in Af i» 0.4 Hz.  For a center frequency of 200 Hz, the bandwidth- 
to-frequency ratio is then 1 to 500. 

The temporal coherence L of this monofrequency wave is26 

L - 
1  S/t2 

4 cAf 

f2 

c 
4Af 

GEOPHONE 

A/D 
CONVERSION 

TIME 
AVERAGING 

DIGITAL 
RECORDER 

Figure 4-6 - Holographic Data Acquisition 
of Pulsed Monofrequency Waves 
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n ?„„„!; : ' ? hi8 len8th l8 m,,"'• S««"' than any target to be 
tiiZZn. ^JeT" than ^ Sl8"al P"h len8thi th"B co-ererTiUn!' 

The holographic data acquisition for t-hls case Is  fhp c.fl«0 

e-ar^L'Stt™.e(
d

M8Ure ^ "^ *" "" ^    "^"^Z- 
4*3-4      Frequency Modulated  ^Chlrp Pulses) 

lem Is still  flfr!^110?'l0u of
u
holo8raPhl<= »ethods  to the seismic prob- 

lem is still fairly novel.    We  therefore feel that  It Is aDDroorlate to 

^^rt: aanoTthC
e

0Tri0na;/yPe 0f ——t Jnto ^X      o    am 
method" holographic approach to be related  to existing 

4 .       ,   ,0ne  relatlvely common seismic approach is  to use a "/-Mm" 
input signal  (i.e..  an FM pulse) and employ ^relation techniques to ' 

e™ c:urahL!ylaP8:t lellt'Ll ^ ^^ " -atterÄZent thll f"ur*tely-    At least three receivers are required to localize 

eitEe ^ t ue^r1"8 ^  '* ^"^ an "^ of «eojhones is used 
ceivers)      UnLrlll        ^^ 8ynthe81^ by moving one or more re- 

^ hoiS ^-nd r». ^i:rv^:^^%8 

Since a source which can be driven in a "chlrn" mannar.  <- 

4-3'5  Detection of Chimney Formed by Nuclear Kvpl»«■.„„ 

00,^   u   uhe holo8raphic experiments described in the previous sub- 
sections have been designed primarily to detect the tunnel tllol^     r 
ensonify the chimney area formed by the Piledriver nuclear e^losL L 
seismic source should be moved to a point in thelperture ov« the Mm 
ney.  It is recommended that an explosive charge be used as the «Lra! 
source. This recon.endation U-  maL prlmarily^n'the^l'te^es^re^omy 

one line of geoX^uAto'sf 'in tl^^ ***"*** "^ 
aperture. With this Hn! ?!!?   ^ n be U8ed at a time  t0 8amPle the 
ent methods o^eL:le:citaEione, TITU^ )* ^t^ V±th  the diff"- 

cnuPan8 te^n. aa ^tant^^L^Lr^.n^rr^^r'po^^''' 
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will be fixed, the use of the vibrator to ensonify the ch^nuiey would re- 
quire "sweeping" out the entire array another time.  i.f an explosive 
source is used to ensonity the tunnel, however, the data can be acquired 
during the original aperture sampling operations. 

The frequency component of the explosive source used to en- 
sonify the cnimney area will be the highest useful quasi-monofrequency 
determined from preliminary experiments performed during the field test 

(see Section 4.4) . 

4.4  AUXILIARY EXPERIMENTS 

The calculations previously carried out to Metermine the Important 
parameters of the Nevada Test Site will be supplemented by a series of 
preliminary tests. These tests will be separated into two operations as 
described below.  The purpose of each test is listed and interpretation 
of the records will be done in the field.  In this way, an optimum holo- 
graphic recording array will be specified. Preliminary tests will be run 
with the geophone spread parallel to tunnel and directly over it. Both 
Hard Hat and Piledriver tunnels will be investigated. 

4.4.1 Refraction Survey 

The reflection survey using the vibrator source will be 
made at 200 Hz and 500 Hz. The vibrator will be moved to both ends of 
the geophone line. Paper records will be interpreted on site to obtain 
local wave veJocities, evaluate local variations in layering, and deter- 
mine surface wave characteristics. In addition, changes which have oc- 
curred due to the nuclear detonations will be evaluated. 

4.4.2 Reflection Experiments 

Using information obtained in the refraction survey, geo- 
phones will be spaced as they will be in the holography array. A reflec- 
r.ion survey will be run using explosives emplaced in the altered layer. 
Shooting will be done from both ends of the line and paper records ob- 
tained. The purpose is to determine the highest frequency which can be 
obtained from explosives and provide a strong signal to ensonify the 
tunnel. The explosive charge weight will be adjusted to enhance higher 
frequencies.  In addition, good control will be obtained on vertical 
velocities by observing the travel times of body waves which emerged 
directly from the detonation.  Following this, a reflection survey will 
be made with the vibrator source at the surface and geophones placed in 
drill holes which extend down to the altered layer. The vibrator will 
be run from bouh ends of this geophone spread. A survey of this type 
will be especially useful as a check on validity of the tunnel response 
model since surface waves and the strong P refraction arrival will be 

attenuated. 

The geophones will then be removed from the holes and 
placed on the surface. The spacing of a cluster of geophones at the 
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suriace will be optimized to attenuate Rayleigh waves. The vibrator 
will again be run from both ends of the line. Paper and magnetic tape 
records will be obtained from these tests. Evaluation of this reflec- 
tion survey to optimize the holography experiment will include travel 
time corrections, attenuation, time gating criteria for pulse mode ex- 
periments, and stacking requirements. 

A.5  EQUIPMENT REQUIREMENTS FOR HOLOGRAPHIC FIELD EXPERIMENT 

Essentially all the equipment and instrumentation required to per- 
form a seismic holography field experiment is presently available at 
United Geophysical Corporation, a subsidiary of The Bendix Corporation. 
Modifications of an existing vibrator source (described in Section 5.1) 
is required. The design and fabrication of phase detection and integra- 
tion instruments for the recording of CW holographic data is also re- 
quired. Similar instrumentation har been designed and used by the Bendix 
Research Laboratories in the past, however, so a minimum of design effort 
is required here. 

A brief description of some of the key equipment available for 
this experiment is given below. 

4.5.1 Vibrator Source for Holographic Surveys 

The vibrator system which will be used for all holographic 
surveys is a modified version of an existing unit operated by United 
Geophysical Corporation. The unmodified and modified vibrator character- 
istics are given in Section 5.1. 

The modified vibrator system will provide an actuator out- 
put of full rated force (10,000 pound vector) at 500 Hz. The displace- 
ment amplitude of the reaction mass will be 5 x 10" inch. At 200 Hz 
the expected amplitude is 2.5 x 10 3 inch and at 100 Hz, 1 x lO-2 inch. 

The vibrator c«»n give a continuous wave (CW) output, pulse 
modulated (PM) or sweep frequency (chirp) output depending upor survey 

needs. 

4.5.2 Geophones for Holographic Surveys 

Geophones of the required capability (i.e., high voltage 
output, and sensitive to high frequencies) are readily available. The 
Geo Space Corporation Type GSC-11D is an example as is the Electro- 
Technical Labs. Division EVS-2 detector. For placement In drill holes, 
special cases are available to protect the geophone mechanism from water 
intrusion. For placement at the surface, a normal Spike base will be 
used. The United Geophysical Corporation uses such geophones in its 
daily operations. 
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• Characteristics of the GSC-11D 

Natural undamped frequency, 10 Hz 

Frequency response essentially flat from 30 Hz to 500 Hz 

Sensitivity, 0.6 V/in/sec 

• Characteristics of Electro-Tech EVS-2 

Natural undamped frequency, 20 Hz 

Frequency response essentially flat from 100 Hz to 300 Hz 

Sensitivity, 0.A V/in/sec 

^5-3  Amplifier and Recording System for Holographic Survey« 

Recording of seismic signals will be carried out using an 
amplifier system of the United Geophysical Corporation.  The unit is a 
Geo Space Model 211 High Gain/Low Distortion Digital-Analog Seismic 
Amplifier System. This system combines 24 channels of seismic auxlliarv 
channels, control circuitry including gain programming.  Solid state com- 
ponents and circuit techniques are used. The amplifier fully meets the 
needs of digital recording and analog recording. The system can be 
operated with automatic gain control or in a programmed gain mode. 

Some characteristics of the system are: 

Frequency Response, 3 to above 500 Hz 

Equivalent Input Noise, 0.1 microvolt 

Dynamic Range, 120 dB 

M^ i «no  J?6 recordln8 system i6 a Leech Control Recorder System 
Model 3309. This system includes a Model 339 Pulse Code Modulation 

^Sr^nn p   S Magnetic Tape Recorder, Model 3330 Power Supply and 
a MTR-3200 Recorder-Reproducer Tape Deck. 

Some characteristics are; 

Sampling Rate, 1 millisecond 

Dynamic Range, 78 uB 

Recording Time, 3 sec to 10 sec 
in Increments of 1 sec or Manu&l 

4.6  SUMMARY OF EXPERIMENTS 

It is racommended that an experimental field test be performed fo 
evaluate the capability of holographic techniques in detecting aJimag- 

in^ectllnT^ ^JlT'  ^  exPerlment8 ^ be performed are discussed 
in Section 4.3 and 4.4 and Include preliminary refraction and reflec- 
tion experiments to optimize the holographic data acquisition.  Holo- 
graphic data would be obtained using monofrequency continuous wave 
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excitation, pulsed monofrequency excitation, fraquency modulated (chirp) 
excitation, and quasl-monofrequency excitation using Impulsive (explosive) 
sources. A comparison of the results using these different excitations 
should give an Insight Into the merits of each. 

It is estimated that a field experiment of this magnitude will re- 
quire about one month to perform.  The total time required to prepare for 
the experiment and to process and analyze the data would be aproximately 
one calendar year. 

A possible dally schedule of activities during the field experiment 
is given below. 

Day    Operations 

1«    a.  Move on site. 

b.  Survey Hard Hat refraction line. 

c  Test vibrator and recording truck systems. 

2'    a'  Refraction survey of Hard Hat site. 

b. Initial geophone spread based upon previously 
established geologic model. 

c. Survey Piledrlver refraction line. 

3. a.  Drill Hard Hat reflection line.  Spacing of 
drill holes and depth of drilling is deter- 
mined from geologic model and interpretation 
of Hard Hat refraction survey. 

b.  Refraction survey Piledrlver line. 

4. a.  Complete drilling of Hard Hat reflection line. 

b. Emplace geophones and load shot holes. 

c. Start survey of two-dimensional holographic array. 

d. Interpretation of Piledrlver refraction survey data. 

5. a.  Hard Hat reflection survey Part 1. Shot in altered 
layer and geophones at surface.  Shoot both ends 
of the line. 

b. Drill Piledrlver reflection line. 

c. Continue survey of holographic array. 

^    a"  Continue reflection survey at Ua^d  Hat site 
Part_2.  Vibrator on surface and geophones 
in drill holes. 
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b. Complete drilling of Piledrlver reflection line. 
Emplace geophones and load shot holes. 

c. Continue survey of holographic array. 

7. a.  Continue reflection survey at Hard Hat site 
Part 3. Vibrator on surface and surface geophones. 
The number of geophones per amplifier and spacing 
of geophones will be determlnea by the geologic 
model and modifications to that model obtained 
from the reflection and refraction data. 

b.  Continue survey of holographic array. 

8. a.  Continue reflection survey at Hard Hat. 

b.  Continue survey of array. 

9. a'.      Reflection survey at Piledrlver. Part 1. 
Shot in altered layer and geophones at surface. 

b.  Continue survey to delineate nuclear detonation area 

10. a.  Reflection survey at Piledrlver. Part 2. 
Vibrator at surface and geophones In altered layer. 

b.  Continue survey of holographic array. 

11. a.  Reflection survey at Piledrlver. Part 3. 
Vibrator on surface and geophones on surface. 

12. a. Begin holographic data acquisition. For a square 
i array containing 900 sampling points, by sampling 
i 24 points at a time (one line of geophones), 
i approximately 9 days will be required to sample 
f the entire aperture.  This allows about A moves 
20. of the geophone line per day. 

21. a.  Move out with equipment. 
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SECTIO» 5 

EVALUATION OF SEISMIC ENERGY SOURCES AND DETECTORS 

Presently available commercial seismic energy sources and detectors 
were evaluated to determine if their characteristics were consistent uith 
system requirements. The characteristics of the useful available or 
modified components which were used in the design of the holographic 
experiment were discussed in Section 4. 

5.1   SEISMIC ENERGY SOURCES 

Hydraulically driven vibratory sources have been used in the seismic 
exploration field for several years.  Since they are primarily used for 
the petroleum industry and the need is to define the earth's layering 
structure at great depths, these sources are generally designed to oper- 
ate at frequencies from about 5 to less than 100 Hz. 

Two approaches can be taken to obtaining higher frequency sources 
capable of generating a monofrequency signal:  a new type of source 
might be designed, or presently available vibrators might be modified 
making them capable of higher frequency operation.  Since the first 
approach would be expected to bo ..lore costly, an effort was made to see 
If the second approach was teaslble. 

It was determined that presently available vibrators could be 
modified to operate as high as 500 Hz.  Shore Western Co., Monrovia, 
California, has had experience in modifying vibrator assemblies to oper- 
ate at higher frequencies. Discussions with Shore Western resulted in 
their proposing the modification of a Wabco Vibrator Model 600 B-D (used 
by a subsidiary of the Bendix Corporation) capable of operating in the 
frequency range from 5 to 500 Hz. 

The unmodified vibrator is described below. 

Vibrator Model 600 B-D mounted on a special off-road vehicle. 

Electronics:  (Solid State) 

Designed by Bendix Research Laboratories 

Phase Compensator - Zero Crossover Principle 

Wabco Vibrator Assembly: 

Frequency range to 200 Hz 

Servo Valve - Hydraulic Controls DS4-50G 
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Weight Assembly - Wabco Low Profile; 

5 Square Inches Ram Area; 
Vertical Displacement +1.25 inch 

Reactionary Mass - 4000 pounds 

Base Plate - 83.5 inches x 36.75 inches 
Air Bag Isolation 

Base Plate Hold Down Weight - 25000 pounds 

Hydraulic Power Supply 

GMC Diesel 6-21 

Kline Pump Model 1265, 110 GPM 

The modifications required to provide 5-500 Hz operating capabilities 
are listed below. 

(1) Installation of a manifold and high frequency servovalve 
(Model SV-220) in lieu of the existing valve 

(2) Increase Ram area to 9 square inches 

(3) Install an additional electronic amplifier (200 Watt peak) 
to drive the new valve 

(4) Implement d second feedback luop based on slave valve 
(second stage) position 

(5) Perform major modifications to the ground contact pad to 
transmit the 500 Hz vibration into the ground 

(6) Reinforce vibrator structure to assure that high frequency 
vibration will not cause failures when subjected to 
extended field use 

(7) Establish the exact performance of the unit in terms of 
ground vibration versus frequency 

These modifications to the system will provide an actuator output 
of full-rated force (10000 pounds vector) at 500 Hz. The displacement 
of the reaction mass will be 5 x 10-5 inch.  At 200 Hz, the expected 
displacement amplitude is 2.5 x 10-3 inch and at 100 Hz 1 x 10-2 inch. 

5.2   SEISMIC DETECTORS - GE0PHÜNES 

Commercially available geophones used in the seismic exploration 
field were found to be adequate for the holographic system requirements. 
Since the minimum useful output of geophones is related to the noise 
level of seismic amplifiers (typical amplifier noise is 0.1 uV), geo- 
phones capable of detecting ground displacements resulting in an 
0.1 uV output are sufficient. 
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One such geophone Is the Geo-Space Type GSC-11U detector.  It is 
a velocity-sensitive phone and has a fiat response of  0.6 ^/in/sec over 
the frequency range 20 to 500 Hz. 

Since a minimum output of 0.1 uV is required, the minimum velocity 
must not be less than 

10~7 v    % t 7   m"7 ^ / -v 1.7 x 10  in/sec 
0.6 V/in/sec 

Since v = 2nfd, where d is ground displacement, the minimum displacement 
required to obtain 0.1 uV is 

d(100 Hz) = 2.7 x 10"10 inch 

d(200 Hz) = 1.35 x lO-10 inch 

d(500 Hz) = 5.4 x lO-11 inch 

These minimum displacements indicate that both tunnels at the field test 
site (see Table 4-1) are not detectable at 500 Hz, but both can be 
detected at lower frequencies. 
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SECTION 6 

HOLOGRAPHIC WEAK SIGNAL ENHANCEMENT STUDIES 

The development of a holographic weak signal enhancement technique 
was initiated at Bendix Research Laboratories prior to the award of this 
contract.  Further studies of this technique as it pertains to seismic 
hologiqihy were made during this program.  This technique, which lends 
itself to computer simulation, has shown promise in defining images 
of targets that have signal strengths too weak to be seen by conventional 
holographic imaging (reconstruction) techniques, as is often the case 
when a scattering target is located above or below a strong signal 
reflecting layer. 

The theory used to develop this technique and its implementation 
were described in a paper by R. K. Mueller, R. R. Gupta, and P. N. Keating, 
"Holographic Weak-Signal Enhancement Technique," J. Appl. Phys. , Vol. 43, 
February 1972.- 7 Rather than duplicating much of this paper here, a copy 
is included in this report as Appendix A. 

During this program, two different computer models representing a 
two-layer model of the earth were investigated.  The first model (Figure 
6-1) contained a weak scattering target below the reflecting interface 
of the two layers.  This case closely corresponds to the earth model 
developed in Section 2 to represent the selected field test site.  The 
second model contained a weak scattering target above the reflecting 
layer.  In the computer simulations, all mode conversions (for example, 
P-waves to S-waves) are allowed at both the reflecting and scattering 
surfaces except when otherwise specified.  Lossless media, however, are 
assumed for both models. 

The scattered fields in the holographic plane are based upon the 
theoretical analysis of Knopoff- 8 who has derived expressions for the 
scattering coefficients for a plane P-wave incident on a perfectly rigid 
spherical obstacle.  The sphere is assumed small compared to the Incident 
wavelength. Knopoff's analysis finds that the scattered P-wave spatial 
distribution is doubly circular, equal in the forward and back directions 
with nulls normal to the direction of the propagation. The scattered S- 
wave distribution is also doubly circular, with a maximum amplitude about 
three times greater than the scattered P-waves, but rotated in space 
through 90 «Jegrees so the  null lies in the direction of propagation. 

Results using the first model are shown in Figures 6-2 through 
6-4. Figure 6-2 shows a conventional reconstruction of the strong reflect- 
ing target (hereafter called S^) and the weak scattering target (here- 
after called S2) in the image plane of S^.  Only the image of Sj can be 
seen.  Figure 6-3 is again a conventional reconstruction, this time in 
the image plane of S2.  Again only the out-of-focus image of S^ is 
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Figure 6-1 - Layout in the Computer Simulation Model 

visible.  Figure 6-A shows the results when weak signal enhancement tech- 
niques (WSET) are applied. The image of S2 is clearly visible, along 
with its conjugate image, and the image of Si Is suppressed. 

The results using the second model (.Figure 6-5) are shown in 
Figures 6-6 through 6-15.  Figure 6-7 shows a conventional reconstruction 
for the case of a single scattering target. The reconstruction is in 
the plane of the scatterer. Only the out-of-focus image due to the 
reflecting layer can be seen; S2 cannot be resolved.  Figure 6-7 shows 
the result for the same case when WSET is used and only scattered P-waves 
are allowed.  The image S2 id now well resolved.  Figure 6-8 is the result 
for the same case as Figure 6-7 except that random scattering targets 
(noise) are now included in the model.  Again, good image resolution 
is obtained.  Figure 6-9 again gives the results for a single scatterer 
(S2), but here both scattered P- and S-waves are allowed.  In this case. 
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interference between S- and P-waves greatly reduce the resolution of the 

reconstructed image. 

When an extended scatterer (S2) is used instead of a single scatterer, 
the results are as follows.  The conventional reconstruction is essen- 
tially the same as shown in Figure 6-7 for a single scatterer, i.e., S2 
cannot be resolved.  Figure 6-10 shows the results when only scattered 
P-waves are allowed and with no random scatterers.  Figure 6-11 is tor tne 
same case, except random scatterers are included in the model.  In both 
cases. S2 is again well resolved.  Figure 6-12 gives the results when 
both scattered P- and S-waves are allowed.  The S-wave interference is 
again apparent in that it greatly reduces the S2 image resolution. 

The results given above indicate that, at least for the model shown, 
interference due to scattered S-waves influence the resolution of the 
desired image to a greater extent than does the presence of random noi.c 
sources. The computer model used, in whi^h a lossless medium is assumed, 
is actually a worse case condition with respect to S-wave inten.orence 
In a lossy medium. S-waves typically attenuate more than P-waves. "hich 
should result in less S-wave interference at the hologram plane. Examples 
of the increase of resolution obtained when shear waves arr. allowed to 
attenuate more than compres.ional waves are shown in Figuves 6-13 though 
6-15.  In Figure 6-13 the shear waves are attenuated by a factor ct I, 
in Figure 6-U by 8 factor of 4, and in Figure 6-15 by a factor ot 8. 
As wo^ld be expected, the image resolution improves with shear wave 

suppression. 

The results given in this section indicate that the weak signal 
enhancement technique can be a powerful tool in the reconstruction of 

seismic holograms. 
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Holographie Weak-Signal Enhancement Technit|ue 

R. K. Mueller, R. R. Gupta, and P. N. Keating 
Bendix Research Laboralories. Soutkfleld. Mlchigm 48076 

(Received 16 June 1971) 

A holographic weak-signal enhancement technique (WSETl Is described hlch enhances the 
Image of the source o( a weak signal of Interest In the presence of an unwanttd strong signal 
with very lltlle a priori knowledge of the latter. The technique Is most suitable for imaging 
applications in fields such as seismic or oceanographlc holography, where the desired weak- 
scattered signal is often overwhelmed by a strong reflected signal from Interfaces between 
different miilin The feasibility of the WSET has been shown hy simulating a two-sol Id-lay- 
er acoustic problem on a digital computer. Well-defined enhanced Images have been obtained 
for tarRel scattering which Is so much weaker than a strong reflected signal that the target 
images »ere lost In noise using conventional holographic reconstruction. 

I   INFRODUCTION 

IniaKinp systems, as all other Information-carrying 
systems, arc plagued with the problem of identifying 
weak signals in the presence of noise.   For example, 
"noise" from the wings (f a nearby strong signal often 
dominates and obliteralca a weak signal, especially if 
the former is out of focus i.. the desired image plane. 
This type of weak-signal identification problem fre- 
quently arises when conventional holographic imaging 
techniques are used to image uiderground or ocean- 
ographic weak-scattering targets.   In these applications 
the weak desired signal scattered from tte targets can 
be lost in the background of the strong signal due to the 
reflection of the propogatlng >'aves f rom, for example, 
the stratified layers of the earth, or from the ocean 
bottom.   In addition, there may be noise due to other 
sources, such as propagating surface waves.   In such 
applications it is very desirable to have a processing 
techniQue which could enhance the (desired) weak image 
in the presence of a strong (unwanted) signal of simple 
form.    For convenience, the unwanted strong signal is 
referred to as a reflected signal unless otherwise 
stated, throughout the article. 

In this paper we describe a new weak-signal enhance- 
ment technique (WSET) which enhances the image of 

weak targets when accompanied by a strong reflection, 
with virtually no a priori knowledge of the scene.   The 
WSET would be applicable to problems where the fol- 
lowing two conditions are met:    (i)  The unwanted signal 
is coherent with the target signal and its intensity at the 
holographic plane is relatively slowly varying (ii) Some 
spatial separation of the weak target and the strong-sig- 
nal virtual source is obtainable.   The first condition is 
likely to be met in a wide class of cases; for example, 
for the strong reflection from an interface.   In the case 
of such a strong signal, the second requirement can be 
met by placlngthe receive aperture so that the virtual 
source associated with this reflection is suitably sepa- 
rated from the target in the plane parallel to the holo- 
graphic plane 

The enhancement method Is based on (i) the use of the 
signal field for reconstruction and (11) high-pass filtering 
of some of the information.   This rÄonstruclion method 
is most conveniently utilized by means of digital-com- 
puter reconstruct ion techniques. 

Section II consists of a description of the proposed en- 
hancement technique together  with an evaluation of its 
usefulness.   In Sec.  Ill we present an account of a com- 
puter-simulated application of the enhancement tech- 
nique to a geophysical holographic problem.   Section IV 

J  Appl  ttm.Vol 41  No   :   K'bnun  l<,■'., 

1-1 
A-l 



458 Ml LLLER,   GUPTA,   AND  KEATING 

consists of a discussion of the Simulation results and an 
evaluation of the method for actual field data. 

II   WtAKSICNAL IMIANClMtNTTUHNIQUt 

The enhancement reconstruction technique is an exten- 
sion u.' iiic cu... inli'inal holographic reconstruction 
method.'   It consists,  in essence, of i\>o successive 
reconstructions, the second using the strong return as 
the reconstruction signal. 

In a conventional hologram the image Information is 
stored as the product R'S, where S   S, .S, is the total 
signal field at the hologram plane, S, is the strong un- 
wanted signal, 5; the weak signal of Interest,  and R is 
the reference field.   Conventional reconstruction in- 
volves an additional multiplication by H' , a reconstruc- 
tion field at the  Kilogram plane, followed by a transfor- 
mation (e.g. . a fourier transform in the Fraunhofer 
case, a Fresnel transform in tlie Fresnel approxima- 
tion) to the image plane.   With a suitable R' . this 
transformation yields, at thj image plane, the field 
S    ä , . gj which Is the image corresponding to the 
holographic field. 

The weak-signal enhancement technique involves the 
following steps:   (a) recording of S,  as In conventional 
holography;   (b) the formation of :SiJ   ^.Sjl'from 
S,  or directly;   (c) high-pass filtering of ISI1 (the 
result is denoted as iS *;   (d) multipllcraion of ISI1 

by S and reconstruction.   If IS, I1 is slowly varying, and 
S, and Sj are spatially separated,  we can carry out 
high-pass filtering (step (c)| to obtain the reduction 

S, I ^. I S2I 2 • 2 RelS^j* ) - I S212. 2 Re(S,V) (1) 

Hence,  step (d) yields 

/     (S, .Sj) (ISJ2.S, S2' .S.'Sj) 

(15,12. \S2\*)S2.2 ISjl 2S1 .if Sf.SfSf. (2) 

The last two terms give signals in the Image plane which 
are spatially separated from the iriages of interest and 
will not be considered further.   The third term yields 
essentially the image S, but it Is reduced by the small fac- 
tor 2;S2ia.   The first term is the desired Image term S^ 
multiplied by the large factor IS,:2 (since  S; i2 ■• 'Sjl'). 
Thus, the weak Image has been enhanced relauve to the 
strong one by the large factor ', uS, i2   IS,!2. 

The condition that IS,I2 is a slowly varying Intensity in 
the holographic plane is necessary so that (1) rejection 
of IS,; 'by high-pass filtering is effectives   (ii) the final 
enhanced Image X2 Is not degrade«.   The condition that 
S,, *2 are spatially separated Is necessiry so that 
SJSJ  is a term with high spatial frequencies and 
can be readily filtered from |S|2. 

It is instructive to consider the enhancement technique 
in the case of point objects and Fraunhofer holograms. 
In this case, S,, S2, and R are all sinusoidal functions, 
with spatial frequency determined by the angular posi- 
tions q ((sin O'x I (cos *, sin *) of the point sources, 
where B and dare the polar and azimuthal angles, 
respectively. For example, S, expOq, x). S2 

expd'tjj- xHor^ 1), where x is the two-dimensional 

position vector In the hologram plane.   Thus 

|S|2=f l.o'^ocos^.-ifj). x), 

|S|2; ZocosCtf -q,). if, 

If the dc is rejected andq, «qj.   Hence 

/    2o( expdq^x). Qcxp(;q*,- x)| cos^, - Jjj). x 

of exp(iq2 . X ). o expd'q,. x ). exp( i(25i - qJ • x ) 

.oexp(i(2qj-q1)-x|) . (4) 

We thus obtain four point Images.   The amplitude of 
j2 is now larger than that of s, by a factor of la,  in- 
stead of being smaller by a factor of o.   The other two 
images occur at positions different from *,, «2, pro- 
vided 9, < i/; (i. e. , the images are not coincident), as 
already assumed.    (We note thai in this case |S,12 is 
also filtered out so that the additional (actor of 2 
vanishes. ) 

Steps (a)-(d) necessary for the enhancement technique 
can be carried out wilh optical components, although not 
readily     They can, however, be very easily cai ried 
out on a digital computer, where effective filtering and 
large dynamic range are readily available. 

In a problem where the equivalent source of the signal 
S, is a point, step (a) can be eliminated by using a 
synthetic point-source signal (instead of S as proposed) 
In step (d) to illuminate |S|2.   However,  in cases where 
S, is not from a point source, as in the present study, 
it is preferable to retain step (a) and use this to recon- 
struct the image. 

Ill    lOMHL'TtR SIMULATION 01  WhAKSICiNAL l-NIIAMtWI.NT 
TECHNIQUE 

A   MntU'l .nul ( ompuLiliiina) MtMhiKl 

Since the experimental evaluation of the feasibility of the 
proposed holographic weak-signal enhancement technique 
in seismic or oceanographic holography would be ex- 
pensive and lime consuming, a simple (idealized) case 
of seismic holography was first simulated on a digital 
computer.    In this simulation,  it was desired to USL a 
digital computer to reconstruct the ima^e of a small 
acoustic scatterer buried below an interface between two 
acoustic media (as shown in Fig.  l)i   the source and 
linear detector array are above the interface.   The 
scattering strength of the target was chosen such that 
the conventionally reconstructed holographic image 
*2 is not identifiable in the presence of the noise ac- 
companying the strong image S,.   In the computer sim- 
ulation, we have used the following model: 

(1) The transmitting (acoustic) source radiates coherent 
longitudinal waves (1. e. , P waves),    (ii) The interface 
between the two media is planar,   (ill) Both media are 
homogeneous, Isotropie, and lossless, (iv) Both media 
are solid, and hence mode transformation from P waves 
to S waves (1. e. , shear waves) and vice versa takes 
place whenever propagating waves are either reflected, 
refracted, or scattered,   (vl   Either no surface waves 
reach the detector array or they can be discriminated 
against by, for example, gating, (vi) The holographic 
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delds arc »iMected l>y a (mile lini-ar array <i( dptcclors 
lucaied al many wavi'lpngths auay (rum Ihi- Inlerfacp. 
Ivul   The scalii'rrr .mil virtual snunc art' Imali'd many 
wavelfiimhs away Ir.un ihr inlrrlaii'. \el lliry are in the 
m-ar-firld nvi'n ti( Ihr rctcivc aprrturi', as would be 
the usual case in seismic holoRraphv.    Although ray- 
nptics apjmmniattim» In the solution o| propagating 
spherical waves are valid ir. the (ar-lield (and not the 
near-field) region of the aperture.' in our simulation 
study we shall lor simplicity use the ray-optics ap- 
proximations,    (viill   There is sufficient angular sepa- 
ration between the scalterer and the unwanted strong- 
signal s lurce so that lo-.-frequency components can 
he readily filtered "ul Iron- the I.SI2 signal. 

Although the assumed two-layer m-del for the earth 
is not entirely reahslu.  I lie conclusion arrived at here 
will,  however, l.e applvcaUle to a seist,lie problem where 
the reflected Signal s, is caused predominanlly liy a single 
interface   We note however thai the inclusion of both S 
and /' waves tesulis in quiie a stringent lest of the 
meth 'd since the si i mi; virtual source is a compound 
oliicr i and live inlerlcrence between the S and /' reflected 
waves must also he filtered out. 

The computer simulation of such a problem is therefore 
expecle;; n   provide a reasonable evaluan  n of the pro- 
posed holographic weak-signal enhancemeni technique 
when applied to a practical problem. 

The Hayleigh-Sommerfeld dillraction integral formula1 

I     :.  (5)1 is used to reconstruct the original scene from 
tn,  i    Ids detected bv the linear array.    For the general 
conf^uraii'ti shown in Kig   2, the diffraction integral 
formula calculates the Held amplitude '(i.v.i) at the 
ixiint /"(v ,v./ ) from the known field distribution f U, 1 I 

over the finite planar aperture ;:(!,. n) 

The integral formula is5 

Mv.v.j')   (1 i»)/ Klrlcosfn.r) f'U.ij Wrfi?. I51 

where 

LINt Al APEBIljHl 
l.'HOtTECTüRSSPACtO 
i  ,i APART ^  ,SOURCE 

f r 

MEDIUM I 

-—r 
PLANAR INTERFACE 
 1  

V ^TUAl SOUR. E 

Flü.   1.    It.iyli .^h-Soniticrfirli! lormulalum nf diffraction by a 
planar aperture. 

■ Pi. » ;i 

A(rl 

FU'i.  .'.    I'nmpulrl   Kimi)l:il<**l nHMlel. 

(three-dimensional kernel I. (6) 

>'   lv-{) . (y-i|)- • U-£ r. 

» is the propagation wavelength of the detected fields, 
and cosfn- r) is the cosine of the angle betw een the out- 
ward normal n and the vector r joining Q to P    This 
formula assumes a scalar description of the anoustlc 
fields.    In our slmulaled problem this would yield 
reasonably accurate results since the signal at the re- 
ceive aperture Is mostly c mtnbuted by the longitudinal 
waves. 

In the Fresnel (or Fraunhofer) /one,  the image may be 
reconstructed using the simpler Fresnel (or Fraunholer) 
diffraction formula,  Instead of the Raylelgh difiraction 
formula which should be used in the near-field zone.   In 
our simulation work we arc concerned with targets and 
virtual sources which arc in the near field, as is the 
usual case with the long wavelengths utilized in seismic 
holography. 

In order to uniquely determine fields in an unbounded 
space by using the diffraction integral formula, the field 
distribution must be specified over the two-dimensional 
aperture    In our simulated problem we have, for 
simplicity, computed fields only along a linear array. 
Therefore, for our near-field simulated problem, the 
three-dimensional kernel A (r) used in diffraction integral 
Eq   (5) should be modified lo reconstruct two-dimen- 
sional images from one-dimensi-mal holograms.   For 
simplicity, however, we have used the unmodified threc- 
dlmensi mal kernal |Eq.   (6)1.   This is expected lo only 
slightly Impair the "conventional" aperture-limited 
resolution of the reconstructed Images. 

Fast Fourier-transform techniques,'"' based on the 
Cooley-Tukey algorithm (known as EFT), havebeenused 
to digitally reconstruct the holographic images using the 
diffraction integral formula (5).   The FFT Is simply an 
efficient method for computing the discrete Fourier 
transform (DFT).   The FFT can be used in place of con- 
tinuous Fourier transform only lo the extent DFT can 
be used, but with a substantial reduction in computer 
lime.    The FFT can be applied to operations such as 
computing a spectrogram, convolution, correlation, and 
filtering.    In our problem the FFT algorithm Is used (I) 
lo evaluate the Imenral equa.ion (5) via the convolution 
theorem methods and (ii) lo filler out the low-frequency 
terms from a signal. 
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MVILLIi. OVfth.  AHO RKATINO 

4/* I U «I*. 
j»!-«. IM»» I» i» lilirr«« •-■ ir>M ihr »WMl ill * 

Mwr I» .lar ••mwlwrd pMMM •» *•»• • >••"< h,*,•, 

i«» <4 ill» -.ui ..r !,*•..«. u| ihr rHlmiKi iwrn» r 
4Ml Milirrpr. ih" M»»"»' r««"«l lr«n»n»r» i» rMllr 
,l.'. Ii. .-rU       rtlrvr 1   .-.l«!!«!   rtrq«rlu »   .   .m|..l.rBI. 
«rr ihMi lllirrvd •«! Ir->m ihr iSi'aigful b» a dutlial 

hi«h|u>ii »lllrr.   Simr in «ny ptwMHl im«liii! pn*»- 
Irm. ihr Unirt I . J«i -n. nr ikrt kiMivn « ^»t«»t. Ihr 
4|'i i I'lii'i iui-ill Irrqurmv muni Iw rh-isrn l»v »mir 
•HrrMiivr niHtnal    A lilirnn« apiToarh thai may iir 
i n ..nl in iirwraaiw rral tlrld data la prrarnird 

U'rr 

li   M-NICI fjumrir«« 

Cmvmtiinal h.il<i«ra|ihlr Irchnlqur* aa wrll as Ihr 
»vil'iitraphlr wrak-al|tnal rnhaiHrmrnl irchnlqur arr 
«•nipl..vrd to rm-mmruii Ihr irlKlnal acrnr ahitwn In Ihr 
«•..ndKuraliun .•( Flu   I     Thr delrciura In Ihr llnrar 
array arr aaaumrd lo br aenalüvr only to Ihr verllcal 
.■..ni|>..nrnl of Ikt fORI.   The malhemalleal rxprrsslon» 
tor ihr pn-ssurr wavrs rraullInK (rom rllher rrilecllon, 
r«lraill"n. or siallrrmn o( wayes are available In Ihr 

llU■ralure.2•7•, 

The f illowln« reasonable values of model parameters 
have been chosen for the evaluation of the proposed 
WSET.   Poisson's ratio for both media    0. 25i   ratio 
of densities of medium I lo medium II     Is   ratio of 
velocities of P waves in medium I to medium II    1. 5i 
ratio of the radius of scattering sphere to the wave- 
IcngthA -0.5; referencewayeK-.i4exp[(i/vr2)(v4 «)]; 
IcnKth of linear detector array =64X; number of 
detectors     128,   The size and the location of the detec- 
lor array were selected such that no Head-type surface 
waves2 would theoretically arrive at the detector array. 
The detectors in the linear are spaced at an interval of 
Jx. which Is somewhat less than one-half of the small- 
est spatial wavelength A, in the signal S, so that the 
sampling rate is close to optimum.   With the chosen 
parameter values, the scattered signal Intensity IStl 
was found lo be 1.45x KT4 smaller than the reflected 
signal intensity IS,!2. 

C   Design PCrfornMnce 

The image resolution obtained is predominately aperture 
limited.     [In addition (as discussed earlier), the use 
of the unmodified three-dimensional kernel in our cal- 
culations Is expected to further impair the resolution. ] 
In our example the Images are reconstructed in the 
near-field region of the aperture, where the resolution 
calculations are difficult.   Reasonable estimates for the 
image resolution can, however, be obtained from "far- 
field calculations" If the images are not reconstructed 
quite close to the aperture, as Is tho case In our prob- 
lem. 

Based on far-field calculations, the resolvable linear 
distance Ai and the lateral distance &.Z (depth of focus) 
between the two point-source objects for an aperture 
of width 2a at a distance z (normal to the aperture) arc 

AL » \ U/e), 

(71 

In m» H» • »•• '< •«*•> rt,H*mrn,r* «t uMeifi ihr lOMgr 

.4 Ihr Umrl Irum Ihr m.alulalrd »MIMl    \  ' S Ml mil 
Uir «MIMl »f   M iS, i* M nul nmiMM mrrr III» hutugraphlr 

pUnr. an «Win .HJI bnadmli« I» ihu* imrodurrd iMu 
ihr rtihj» «I inuisr    Huwnrrr. »inrr |S,|' la a low 
Irniumrv lunrli'in. ihr addHlnnal los* «I rraolulion la 
mil raprrlrd I« br UM- »rvrrv.   t «it»- Kq   171. ihr ra- 
lirrlrd hall-widih» 'if »  »nd ihr rnhanrrd inia«r ul «, 
are ruuKhly i» . j» . rraprrlivrly; Ih»- drplh ul locua ul 
Ihr rnhanrrd imagr la alMiut 16 > . 

InounaM', a firsl-ordrr rslimalr of ihr iniagr drtira- 
datum introdurrd bf Ihr usa«r .if an unmodlflrd krrnrl 
ha* Indlralrd a rather inHignilu-anl contribution lo thr 
rxlating aperlurr-Umlttd reMtlullon of ihr imagr 

IV    KISIII 

\   Simulilnl I tamplr 

Figure 3 shows the ima«e intensilydislribullon obtained 
by a conventional holographic reconstruclion of the total 
scene shown in Fig. 1. This reconstruction was done in 
the expected Image plane of the virtual source «,.   The 
Image of S2 Is not identifiable from the background noise. 
The image location and the resolution of the image of 
8, are as expected:   the ratio of the intensity of the weak 
signal to the strong signal is about 1. 45xl0"V 

Figure 4 shows the image intensity obtained by another 
conventional reconstruction of the total scene-bul now 
in the expected Image plane of V   The expected image 
plane of s2 is calculated lo be at a distance of 125X from 
the hologram plane.   In this plane the target Is located 
at a distance of 25X away from the center of the hologram. 
The Image from 15,1* Is out of focus and the image from 
| s2| * Is still unidentifiable from the background.   In 
Fig.  5 we present an enlargement of part of Fig. 4 In 
the vicinity of the expected location of V   There Is no 
trace of the desired -v2 Image. 

Figure 6 shows the weak-signal enhancement reconstruc- 
tion In the expected image plane of sl as would normally 
be of Interest.   Again Intensities are plotted.   The fig- 
ure shows (I) the Image of the weak target is at the 

IMAGE OF S, 

LOCATION OF S2 

5       10     16     20 
IN WAVELENGTHS 

32  M ll 111 h 
315      25     20     15     10      5        0 

TARGET COORDINATES 

FIG. 3. conventional holographic reconstruction IS, »Sj I in 
the Image plane of S,. The desired Image IS, 12 is not obser- 
vable In the presence of I S, Iz. 
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HOUU.NAPHIC WrAKHClNAL  KNNANCKMKNT  TrCHNIQUr 4CI 

VA     ,   (If   t| 

>UUI U* »OCü*i 

1 IH   Al,i.% HI   S; 

lANGtlCUONOlNAttS     IN WAVIll NClMÜ 

•    t     • "nK'nli.m;!! hnl.^raiihii   rw.iniilnirtton IS, . S,l7 (n 
""ima«,. „Ian., „fs,     A|Ca(l)    is,,',,,,,,,  ,.„„,,,; 

I li 

mpwtld locattOB. 25>. and considerably enhanced over 
ihe tmaga of «„ Hi) the half-width of the enhanced ima«,. 

I» about 4A (almost the same as theoretically predicted) 

and (hi) the weak-larnet Intensity Is enhanced by a fac- * 

tor of S,!4    s, 4.   The lhe..rellcal improvemenl obtain- 
able in the inia«e intensities is expected to be on the 

order of 5v lo'.    in actual fact, however, the effective- 

ness of the fllterlnK Of IS,!2 Is likely to be the limitin,; 
process. 

Comparison of Figs. 3 and 6 shows the considerable 

effectiveness of the weak-signal enhancement technique 

It alUrs Ihe situation from one in which the desired 

I ^lz is unobservable in the presence of | v,|2 (FiK   3) 

to one in which Ihe unwanted intensity from s, is un- 

observable In the presence of the enhanced tmase of the 
^target (Fig. 6). 

U   Disciiumn 

The results of the simulation study show that targets 

'0 15 20" 

TARGET COORDINATES 
25 

LOCATION OF S? 

32 
IN WAVELENGTHS 

FIG. 5.    EnlarKement of part of Fig. 4 In the vicinity of the 
expected location of Image Sj.     IS21! is still undetectable. 

mtttch » «irr um «Mkly 1.1 bv im«*«l in ihr prmnirr 

••I ■ »lt.** f ellr, ird .«„«I ,n r.«»eW|.,|»| h..|.«raphM 

niHhoda can ullrn be rradilv ini««rd by ihr |tr>i|»isfd 

b-l'«r«phti wrak-ai||iMj mlun. rmrni Irrhnkivr     The 

rnhancrniPM iprhniqur ha« bern found to lie able 1» 

lma«p weak rriurn» that are tw hrre ..rder. ..I 

maiinliudv IN-IOW the ampliiude of those which are tust 

dlacerniblp by conventional h.i|.i|tra|ihu twhnique» 

A cmiparia-n of Fig«   3 and 6 «hows the ion«iderable 

enhancement which can be obtained (a factor of over 
10* in inlenalllea) 

The effertiveneaa of ihe W8ET depends upon Ihe effici- 

ency with which the high-pass filter can auppreaa Ihe 

low-frequency part of | .si»    The apailal frequency of 

Ihe filtered signal Increase with Increasing insular 

separation between the weak Image s, and strong un- 

wanted Image §,,   Thus the effectiveness of Ihe filter, 

and hence Ihe WSET, improves with increasing angular 

separation between Ihe sources of the desired weak 

signals, and the undeslred strong signals.    For ex- 

ample, when «, Is due lo a strong reflection from a 

horizontal plane, the WSET is most effective when Ihe 

receivers are not directly above the target'. 

C.  Prorrsunf nf Field Data 

All processing steps Involved In implementing the 

holographic WSET  lo field data are stralghlforwajd. 

except for the filtering of the low-frequency components. 

In the simulated case the filtering step was readily car- 

ried out because of a Mori knowledge of the location of 

the reflecting interface.    In any practical problem, the 

filtering step would, however, be somewhat more diffi- 

cult, since the locations of reflecting interfaces will, in 

general, be unknown beforehand.   In a practical Imag- 

ing problem the following filtering procedure may be 
followed to implement the WSET. 

(i)  Conventionally reconstructed holographic Images 
si ♦ Sj are generated in a suitable number of adjacent 

Image planes parallel to the holographic plane.   T'iese 

image planes should be spaced at roughly Ihe deptn of 

focua of the receive aperture.    From these reconstruc- 

ted images, the locations of the focused s'rong images 

«, are obtained, for comparison with the enhanced im- 
age fields obtained in step (III). 

ENHANCED IMAGE 
OFS2 

CONJUGATE IMAGE OF Sn 
IOUT OF FOCUSI 

31 5 

LOCATION OF S, 

25     20     15     10      5 (T 

TARGET COORDINATES 
5      10     16     20 

IN WAVELENGTHS 

Fie. 6.   Wcak-slgPdl enhancement reconstruction in the imagi 
plane of S,.   After enhancement, the desired image IS, I' has 
become much larger than I S, 12.    (The same model parameters 
have been used here as for Figs. 3-5.) 

7->l 
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MUKLLKR. UUPTA. AND KKATIHU 

(ill  Xrvrr«! Itlirrrd «lien«!» I SI*, rarh nrilh a dlllrrr . 
Iillrr i-uioil Irvqumty. arr Kmrraini 

IIMI  From rath Iillrr«! «iinial iSl*. mhanrMi imam» 
.•I orak laritru arr rrconaiructrd in ihr arvrral imaitr 
plann by uairnt Ihr »iitnal «, • *i Uir rrcoMlruclliin 
From ihr imaitr» »o rrconalrurlrd. Ihr opllmum larRrt 
r<( i luilru« lion» arr rhuarn. 

((IV 11 SHINS 

Wt- havr prr>cnlrd a Irchntqur which can mhancr Ihr 
ImaKr «( a wrak larurl in Ihr prmrnrr of a Mlionic (r.K.. 
rrfln-lrdl slKiial     lly compulrr Hiinulalion wt havi> 
shown (hat ihr proposrd holoKraphlc rnhani-fiiifnt irch- 
mquc can Indrnl provldr conaldrrablr rnhancrmrnl   of 
the IflMga of a weak signal accompanied by an undesirrd 
■trong signal cohcrrnl with Ihr tarKrt rrturn signal 
The WSKT Is fraslhlp whenever (I) Ihr gtron«-sl|cnal 
inlensilv Is relalivelv slowly vary inn In Ihr hologram 
planr and (ID a sufficient angular separation exists be- 
tween the target and the virtual source of the unwanted 
■trong signal,   su that effective filterint; of the low- 
Irequency terms can be achieved.   To a Rreat extent 
the effectiveness of this filter determines the weakest 
signal that can be imaged in this manner by the proposed 
WSKT,    Based on our computer simulation study we 
calculate that in a practical problem the proposed holo- 
graphic WSET should readily image weak-scattering 

tari-ru thai wuuM ultwrwlar I» |...i in ihr i>a< hur-und 
■•I ihr inumr ■•! ihr arromiianyinn yndnnrnl .iiotm 
rohrrml »ignal 
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EXPLANATION 

Qal 

Younger alluvium and colluvium 
Unconsolidated gravel, sand, silt, and clay in main stream 

beds and large talus deposits on slopes 

Qalo 

Older alluvium and colluvium 
Chiefly carbonate-cemented or unconsolidated sand and 

granule and pebble conglomerate 

To«w 
To« 
Tosb 

Oak Spring formation 
Tosw, gray pumiceous crystal vitric welded tuff. 
Tos, white, red, yellow, pink-gray pumiceous nonwelded 

crystal vitric tuff, zeolitized, especially in lower 
part. 

Tosb, widespread basal unit; reddish-brown tuffaceous 
rubble breccia and conglomerate, and conglomeratic 
tuff 

Granite, light-gray, equigranular, fine- to coarse-grained; 
aplite to pegmatite; occurs as dikes (gd) and sills (gs); 
"a" prefixed to gd or gs indicates feldspathic, argillic, 
sericitic, or silicic alteration prominent in dike or 
sill 

TKg 

Granodiorite, light- to greenish-gray, predominantly medium 
grained, some fine-grained; occurs as a stock and sills 

TKq 

Quartz monzonite, light- to medium-gray, porphyritic, fine- 
to medium-grained; occurs as a stock 

PPt 

Tippipah(?) limestone 
Dolomite, medium- to dark-gray, aphanitic to finely crystal- 

line, thick- to very thick bedded, nonfossiliferous.  Es- 
timated minimum thickness 200 feet 

DC 

Me 
Meu 
Mm 
Mel 

Eleanu, formation 
Me, undifferentiated 
Meu, argillite, chiefly very dark gray, red-purple or 

buff, laminated to thin-bedded. Limestone, light- to 
very dark-gray, finely to coarsely crystalline, partly 
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ALTERATION 

Note- Net indicated specifically are broad areas of the 
-tock that have undergone pervasive hydrothemal py- 
rite mineralization and artjilllc alteration of plagio- 
clase and(or) chloritic alteration of blotite  Also 
not spocifi^ally indicated Is the extensive silica- 
tion of th.- marble along fractures near the edges 
of the stock  The following areas of alteration have 
been mappi mainly in the stock except as noted 

M am 

Silicic alteration, Gtrong(ss) and moderate (sm). Ex- 
cludes individually mappable veins or groups of veins 

n 
Quartz vein or group of veins 

sV 
Soricitic 

Sericite (white mica) is predominant or prominent mineral 

Hematitic 
Hematite in prominent amounts.  Generally associated with 

masses of altered igneous rock in which quartz is prom- 
inent or along siliceous or silicate veins in the 
marble 

/V ^agd 

Feldspathlc 
(without letter symbol on map) 

Lens-shaped feldspathized masses of igneous rock, commonly 
argillized and subordinately sericitized, silicified, 
and pyritized. The masses are commonly stained red, 
purple, yellow, anä(or) brown by iron(?) oxides 
Because of the similarity of the size and shape at map 
scale, the granite dikes^affected by the same altera- 
tion are indicated by "a" 

Tactlte 
Predominantly garnet with subordinate quartz, epidote, 

green mica(?), limonite, calcite, sulfide, tungstate, 
and copper carbonate minerals 

AL  
Contact, showing dip. Long dashed where approximately 

located, short dashed where gradational or inlerred, 
dotted where concealed 
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located, short dashed where gradational or inferred, 
dotted where concealed 

0 =5~ 
Fault, showing dip and plunge of slickensides. Dashe< 

wliere inferred, dotted where concealed, queried whe 
doibtful  U, upthrown side; D, downthrown side. 
Arrows show relative movement 

t) -I- 
Anticline showing trace of axial plane and direction 

plunge of axis. Dashed where inferred 

■+  
nyncline showing trace of axial plane and direction 

plunge of axis. Dashed where inferred 

"^ 

Overturned syncline showing trace of axial plane, dire 
tion of plunge and direction of dip of limbs. Dathe 
where inferred 
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I I 

* Ü  
Overturned anticline showing trace of axial plane ivn< 

direction cf dip of lirtbs. Dashed where inferred 
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Strike and dip of flow layers (Tosw unit only) 
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Dpvi*nlaii(7)tSilurliiii«atid 

Orduviclan rocko, undir!*er<*nt I tti<*J 
lomite and liny  loloBlt«,  '.iRht- to arllua-^ray,  flnrly 
to coarsely crystalline;   in port aarblv 

Oa 

Eureka quart.:itr 
uartslte, white to very ll^ht tray, yellow Iron stain 
abundant locally, fine- to aedlua-gralned, veIl-fiort»d, 
vitreous, brittle, very hard, nratlfication is not 
apparent 

Poponlp iToup 
Lomite to doloaütic limestone, very Ilrfit i?ray to 
>lulsh-gray, finely to coarsely cryfltalline, lanlnnted 
io thick-bedded, cosnon chert nodules (mostly sill- 
rated). Partly to wholly converted to marble In moat 
places. Original stratification Is absent or is Indi- 
cted by poor to moderately good foliation defined 
aalnly by color bonds but partly by crystal Unity. 
Che map unlta differ from the general deacrlptlor. ac 
loted: 
, undlfferentlated. 
ai, limy dolomite to limestone, medium light 
iluish-gray \o  meiium dark-gra:/, finely crystalline, 
hin- to very thiek bedded. 
>, dolomitlc limestone, white oni very ilght bluish 
praj- to dark-gray, aphanltlc to very -Inely erystal- 
ine, well-laminated (fallatel where ejf.verteJ to 
lorble) to very thin bedded, sllty (Oppl and Oppu): 
ntorbedded with dolomitlc limestone and dolomite, 
ery light gray, finely to coarsely crystalline, 
hin to very thiek bedded (Oppre). 
If  dolomite to dolomitlc limestone, jxay to blue- 
ray, some " i'tht-^ay, massive, nonfollated t 
ndistinctly foliated, except 1 »colly ir. upp^r part 
hich is moderately foliated; nodules very rare to 
bsent in lower part but comaon In places in uppf-r 
art. 
, dolomite arid limy dolomite, white to  bluish-iTay, 
bundant nodules, moderately to well-foliated. 
, dolomite, white to ■BilliMI gjajf, poorly to 
oderately foliatnd; contains some nonperslstent 
nterlayer. up to 75 feet thick with numerous 
odules 
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aartzitc,  light to medium pinkish-gray a'id d.ark-gray, 
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Drill hole 
RME - Reynolds Electrical & Engineering Co. marble explo- 

ration hole; MME - Minerals Engineering Co. marble 
exploration hole 
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from photographs taken in September 1959 

Ne'-ada State Coordinate grid interval 1000 feet 

ü ^    ■ 

MISCELLANEOUS GEOLOGIC  INVESTIGATIONS 
MAP  1-328     SHEET   I   OF  2 



r' \ ■) ^ ' ' ' ) >■   ^   *      N"1!!^^,-' - 

1 

1 
6^ 

' ■' \    ■ 

\ \ 
V 

- 
1 

1   » 

;   \ 1 

\ 

r.  // 

/ 

\ 

I 

BOUNDARY. 
FAUtl,.-- 

-'/ 

'/^ 

TK, 1 

PRELIMINARY GEOLOGIC MAP OF THE CLIMAX STOC1 
w \ 

V. N. II«»IIS«M- and V. {\. IN 

■100 400 
—; 

VMM) 



w 

/ 

F 

NEVADA 
TEST ^ 
SITE 

»Beotty 

\ 

\ 

k 

AND VICINITY, NYE COUNTY, NEVADA 

le 

INDEX  MAP 

I20i   FtET 
/ 
^ 

>••<•    '*-■• i w < itil»*>iii tui/t •i.-iji*t&t< nxxr. ■:-<*m*0f\ i» x J J i i«-^! 



II60I5 

NEVADA 
TEST . 
SITE 

O 

■^ 1—     o 
Q> Climax Stock 

Area 

Yucca Fiat 

tBeatty Frenchman 
Flat 

^70I5 

^ 

Groom 
Lake 

Z7o00' 

Mercury^1' 

\ 

LINCOLN_C£          

r""""^"    CLARK'CO 

O1 

o 

\ 

\ 

LAS 
VEGAS. 

10 0 10 
■ ■ ■ ■ I  J • 

10 MILES 
 i 

INDEX  MAP OF  SOUTH-CENTRAL NEVADA  SHOWING AREA MAPPED 
> ...I.    *«"S.-    «I 

Geology mapped n 1959 and 1960 

i   ,      ,. . ., ,,,, r   <■  150 per set 

moderately f 
interlayers 
nodules 

Quartzite, 1: 
raedium-gra. 
of dark- t( 

In order to fa 
this map, some 
refinements  ha 

/ * 



\jy±t   uoiomite, wmxe to medium-gray, poorly to 
moderately foliated; contains some nonpersistent 
interlayers up to 75 feet thick with numerous 
nodules 
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Stirling?) quartzite 
Quartzite,   light to medium pinkish-gray arid dark-gray, 

medium-grained,  poorly bedded with rare thin beds 
of dark- to medium-gray phyllite 
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In order to facilitate early publication of 
this map, some of the normal cartographic 
refinements have ueen omitted 

APPH' iXIMATt   MEAN 

DECLINATION   ISbO 

/ 



Prospect pit 

ay. 
\& 

o 

Mine dump 

1ATE   WEAN 
iTION   I960 


